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ABSTRACT 
YAN ZHONG: Periapical Lesions and Tooth Survival: an Analysis of the Veterans 
Administration Dental Longitudinal Study, 1968-2002  
(Under the direction of Daniel J. Caplan) 
Both apical periodontitis (AP) and tooth loss are among the most damaging dental 
diseases affecting humans. Only a few cross-sectional studies have been done as to RCT 
quality and post-operative AP in North America. Tooth loss has rarely been studied using 
survival analysis. The effect of AP and RCT on loss of individual teeth also has received 
little attention. This dissertation consists of two studies. The aims of Study One were to 
develop an explanatory model to evaluate the association between RCT quality and post-
operative AP, and to assess whether and how this observed association is modified by the 
presence of pre-operative AP. The aims of Study Two were to determine a predictive model 
for tooth loss and assess the role of endodontic involvement in tooth loss after controlling for 
other established risk factors.  
The study population was from the Veterans Administration Dental Longitudinal 
Study (VADLS). Study One followed 609 teeth that received RCT at some time after 
baseline until the next examination cycle to determine the presence of post-operative AP. The 
main exposure variables were extension and density of the root filling (indicators of RCT 
quality). Generalized Estimating Equations (GEE) were used to determine the relationship 
between extension, density and post-operative AP, while controlling for various covariates. 
Multivariate logistic regression models revealed that with adjustment for pre-operative AP, 
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defective density was associated with an increased risk of post-operative AP (RR=3.0, 95% 
CI=1.3, 7.1), while pre-operative AP was the most significant risk factor (RR=29.2, 95% 
CI=13.6, 63.0). 
Study Two followed 18,798 teeth present at baseline until the date of tooth loss or the 
end of the study, whichever came first. The outcome was time to tooth loss. Multivariate 
marginal proportional hazards models revealed that, in addition to periodontal status and 
caries, both AP status and RCT status persisted as independent significant predictors for 
tooth loss (P<0.01) after controlling for tooth type, number of proximal contacts, number of 
teeth at baseline, age, education level, and current smoking history. Traditional indicators of 
oral hygiene and plaque level may not be as important as other factors in predicting time to 
tooth loss.   
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CHAPTER I.   INTRODUCTION 
 
Dental patients with teeth severely damaged by dental caries or trauma are often given 
two options: root canal therapy (RCT) or extraction of the teeth. Due to changing attitudes 
among dental practitioners and patients toward keeping natural teeth, RCT becomes an 
essential part of quality comprehensive dental care (Chen et al., 1997). Outcomes of 
endodontically treated teeth have been studied extensively in various studies with different 
observation times. Usually the outcomes of interest focus on the presence of post-treatment 
periapical lesions and survival of the treated tooth.  However, most studies have been 
conducted on selective patients from dental institutions or teaching hospitals, little has been 
done using a community sample.   
This dissertation uses existing data from a large, well-established, ongoing 
epidemiological study of an aging population, with specific endodontic disease and treatment 
variables obtained from existing radiographs. It consists of two studies. In the first study, we 
used an explanatory model to identify risk factors associated with the prevalence of post-
operative apical periodontitis (AP) among endodontically treated teeth within an approximate 
3-year follow-up period, and to determine the relationship between technical quality of RCT 
and post-operative AP. In the second study, we developed a predictive model for time to 
tooth loss among all teeth in the dataset (including endodontically treated teeth and non-
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endodontically treated teeth) to determine significant prognostic factors and assess the role of 
endodontic involvement in tooth mortality. 
Chapter II reviews extant literature and gaps existed in the previous research, Chapter 
III specifies the research questions and significance of two studies in this dissertation, 
Chapter IV describes study population and data collection, Chapter V and VI illustrates 
methods, study results and discussion of two studies, finally Chapter VII summarizes the 
research.
CHAPTER II.   LITERATURE REVIEW 
1.  Study One: Quality of Root Canal Therapy and Post-operative 
Apical Periodontitis 
1.1.  Apical Periodontitis (AP) 
 
A. Definition of AP 
Apical periodontitis (AP) has been defined as “an acute or chronic inflammatory lesion 
around the apex of a tooth caused by bacterial infection of the pulp canal system”(Eriksen, 
1998). AP is a sequel to bacterial infection of the dental pulp space, usually secondary to 
dental caries. Histologically, AP is represented by a periapical inflammatory response (often 
termed periapical granuloma) that arises after resorption of adjacent supporting bone and 
local infiltration of inflammatory cells (Shafer et al., 1983). Chronic periapical inflammation 
occurs when a balance has been established between the local tissue response and the 
bacterial elements emerging from the root canal system. Clinical diagnosis of AP requires 
assessment of the patient’s symptoms, signs, and radiographs. The radiographic appearance 
of AP usually is a radiolucent area of variable size at the apex of the affected root, though 
occasionally, radioopaque zones can be seen (Shafer et al., 1983) (Figure 1).   
B. Prevalence of AP 
The prevalence of AP varies with different populations (Table 1). Most of the data are 
reported in European populations. It is estimated that 42% of the Danish population had AP 
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in one or several teeth (Kirkevang et al., 2000). In Norway, similar investigations found 30% 
of the 35-year-olds had AP in 1984 while 17% had AP in 1995 (Eriksen et al., 1995). In a 
general population from Sweden examined in 1983, 43% of the individuals had AP (Odesjo 
et al., 1990). In the US, few updated data on the prevalence of AP in a general population are 
available. One clinical follow-up study of 5272 teeth showed that AP was evident in 4.1% of 
all teeth and 31.3% of RCF teeth (Buckley and Spangberg, 1995). Generally, the prevalence 
of AP has been found to increase with age: in individuals between 35 and 45 years old, the 
prevalence of AP is 30-40%; by 50 years of age, 1 in 2 individuals will experience the 
disease; and in individuals over 60 years old, the prevalence rises to 62% (Eriksen, 1998).    
1.2.  Root Canal Therapy (RCT) 
 
A. Definition of RCT 
Root canal therapy (RCT) is the more common name for treatment known as non-
surgical / conventional endondontic treatment. Endodontic treatment is “treatment of the 
dental pulp”, and is necessary when the pulp becomes inflamed or infected. The most 
common reasons for pulp inflammation or infection are deep cavities (caries), repeated dental 
procedures, tooth fractures and trauma. If pulp inflammation or infection is left untreated, it 
can cause pain or lead to an abscess. Types of endodontic treatment include: 1) RCT (i.e., 
conventional endodontic treatment); and 2) surgical endodontic treatment with or without 
retrograde filling (in which a surgical access is made and the root apices are cut off). RCT is 
by far the more common type of endodontic treatment1. 
                                                 
1For this reason, RCT and endodontic treatment, RCF teeth and endodontically treated teeth will be synonyms 
in this dissertation. 
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During RCT, the tooth’s pulp chamber is accessed; inflamed or infected pulp is 
removed; the canal is carefully debrided, cleaned, shaped and disinfected; then filled with an 
inert, radioopaque root filling material such as Gutta-percha (an inelastic natural latex 
produced from tree sap). The radiographic appearance of RCT is usually a radioopaque 
material in one or more root canals (Beach et al., 1996) (Figure 1). After RCT is completed, 
the tooth’s access opening is restored with a permanent material to prevent bacterial re-
colonization of the root canal space (Beach et al., 1996). Since root canal filled (RCF) teeth 
usually have substantial loss of tooth structure, coronal restorations are placed on such teeth 
to protect them from fracture and restore them to function (Figure 2). One of the most widely 
accepted forms of coronal coverage is a full crown, which is commonly recommended to 
prevent subsequent tooth fracture (Aquilino and Caplan, 2002). In some cases, one or more 
canals are specially prepared after filling: a space is created in the canal to accommodate a 
post (i.e., metal rod cemented into the canals). The post is used to retain a core buildup which 
is sometimes used as a foundation for a crown.  
B. Prevalence of RCT  
RCT is the only viable alternative to the option of tooth extraction for an infected pulp. 
In 1990, an estimated 14 million root canal treatments were performed in the US alone 
(American Dental Association, 1994). On the basis of an average number of 2.2 root fillings 
per adult, it can be estimated from census data that there are 25 million RCF teeth in 
Australia and more than 420 million RCF teeth in the US (Eriksen, 1998). Studies suggest 
that the real endodontic treatment need is larger when considering that the technical quality 
of RCT is poor in most clinically symptomless RCF teeth (Odesjo et al., 1990; Ray and 
Trope, 1995; Weiger et al., 1997; Kirkevang et al., 2003).  
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Few data have been collected as to the technical quality of RCT in the US. Some 
European studies have examined the technical standard of endodontic treatment, as well as 
the presence of subsequent periapical conditions (Allard et al., 1986; Petersson et al., 1986; 
Eckerbom et al., 1987; Eriksen et al., 1988; Odesjo et al., 1990; Imfeld 1991). Prognostic 
studies have shown that technically satisfactory endodontic treatment was performed in only 
30% to 40% of the cases (Eriksen 1991; Weiger et al., 1997; Marques et al., 1998; 
Sidaravicius et al., 1999).  
1.3.  The Relationship between AP and RCT  
 
AP can occur before RCT (i.e., pre-operative AP) and hence RCT serves as a treatment 
option for AP. On the other hand, AP can occur after RCT as an unsuccessful outcome (i.e., 
post-operative AP). Their relationship can be described in more detail as follows. 
First, as a clinical treatment procedure, RCT applies to both therapy and prevention of 
AP. (1) For teeth with pre-operative AP, RCT is performed to treat the periapical lesion and 
cure the periapical tissue; (2) for teeth without pre-operative AP, some RCT are conducted to 
relieve irreversibly inflamed pulp tissue and prevent the occurrence of AP. There are also 
some other reasons for the tooth to receive RCT. For example, some are conducted for 
prosthetic reasons on teeth with normal, vital pulp; or on traumatized teeth. Teeth treated in 
(2) do not have periapical inflammation at the time of the treatment, regardless of pulp status, 
since bacterial invasion may not have reached the root apex. 
Second, successful RCT should treat or prevent AP effectively, but unsuccessful RCT 
can cause problems. For teeth with pre-operative AP, unsuccessful treatment means the AP 
can remain or even get worse. For teeth without pre-operative AP, unsuccessful treatment 
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can happen if bacteria from a bordering carious lesion or saliva are introduced into the canal 
during the procedure, and thus teeth could develop new AP lesions (Lin et al., 1992).  
Epidemiological studies as to the association between RCT and AP have been mostly 
conducted among European populations; such research in North America has been rare, 
probably because diagnosis of AP requires radiographs and exposure of subjects to radiation 
solely for research purposes is problematic in the US (Burt et al., 1999). There are several 
consistent points among the published literature (Table 1). First, both AP and RCT are 
common (1.4 – 8.5% of teeth and 1.5 – 21.5% of teeth, respectively). This corresponds to an 
average of about 1 tooth with AP and about 2-3 teeth with RCT for each person with 25 
teeth. Second, AP is more prevalent among RCF teeth than non-RCF teeth (16.7 – 61.0% of 
RCF teeth vs. 0.53 – 4.4% of non-RCF teeth). Third, the overall quality of RCT generally is 
poor (inadequate quality in 51 – 86% of RCF teeth) (Soikkonen, 1995; Weiger et al., 1997; 
Marques et al., 1998). The criteria used to assess RCT quality in these studies are often based 
on the root canal filling material's density (i.e., the extent to which the root filling material 
uniformly and completely fills the canals) and extension (i.e., the distance from the end of the 
root filling material to the radiographic apex). Even though RCT designated as inadequate by 
these criteria does not necessarily lead to unsatisfactory endodontic results, many follow-up 
clinical studies on RCF teeth have suggested that poorer quality RCT is more frequently 
associated with the presence of post-operative AP (Ray and Trope, 1995; Kirkevange et al., 
2000; Tronstad et al., 2000; Hommez et al., 2002).  
1.4.  Evaluation of RCT Outcome  
 
After RCT, it is important to address such questions as: Does a new AP develop around 
the tooth apex? Does an existing periapical lesion heal or persist? How long will the tooth 
  8
survive after treatment? There is no universally accepted definition for “success / failure” of 
endodontic treatment, though most previous research has used the presence of post-operative 
AP to indicate “failure”. In the literature, any of the following has been considered as a 
“failure” of RCT: (1) presence of a periapical radiolucent area continuous with the 
periodontal ligament space or of clinical symptoms; (2) endodontic retreatment or apical 
surgery of the tooth; (3) extraction of the tooth, except for established reasons not related to 
the root canal treatment, as documented in the patient’s record; and (4) tooth fracture (Vire, 
1991; Jaoui et al., 1995; Cheung et al. 2001; Cheung and Chan, 2003; Salehrabi and 
Rotstein, 2004). Post-operative AP is by far the most common sequel when treatment is 
inadequate or failing, and evidence of post-operative AP is almost uniformly recorded as 
“failure” (Ørstavik and Pitt Ford, 1998; Friedman, 1998).  
Even taking post-operative AP as the only measure to assess “success / failure”, the 
evaluation criteria for post-operative AP are still inconsistent. Many researchers define 
“success” strictly as a combination of a normal radiographic and clinical presentation 
(Pekruhn, 1986; Bystrom et al., 1987; Molven and Halse, 1988; Sjogren et al., 1990; Smith 
et al., 1993; Friedman et al., 1995; Sjogren et al., 1997). Some researchers determine the 
treatment outcome only by the radiographic appearance (Kerekes and Tronstad, 1979; 
Molven and Halse 1988; Ørstavik 1996), and such evaluation increases the probability of 
“success” by ignoring symptomatic teeth with a normal radiographic appearance. In contrast, 
other researchers define “success” primarily as the absence of clinical signs and symptoms; 
radiographically, the AP lesion may be reduced or even remain unchanged, as long as it is 
not enlarged (Swartz et al., 1983; Matsumoto et al., 1987; Shah, 1988). This definition also 
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increases the success rate by ignoring asymptomatic AP -- a reduced or persisting AP should 
not be regarded as a “success” only because it is asymptomatic (Friedman, 1998).   
The observation period between treatment and recall examination is also a matter for 
dispute. Healing as well as developing of AP are dynamic processes that require considerable 
time. Treatment outcome observed after a short time period may differ from that observed at 
a later time. It has thus been suggested that treatment outcome should be determined at 
annual or semiannual follow-up examinations for at least two to four years, when it is 
established that no new periapical lesions have developed and that any pre-existing lesions 
have completely healed (Fouad et al., 2003). Generally, “1–year observation reveals 
significant information, and 2-year observation, used in the majority of studies, reflects the 
treatment outcome with even greater accuracy. However, 3-4 years may be required to record 
a stable treatment outcome” (Friedman, 1998).   
The radiographic presentation of the treated teeth, with or without clinical data, is the 
basis for all the studies to assess the outcome of RCT. However, radiographs are subject to 
changes in angulation and contrast as well as interpretation -- they must be examined by 
calibrated observers (Goldman et al., 1974, Ørstavik et al., 1987).   
1.5.  Factors Associated with Outcomes of Endodontically Treated Teeth   
 
Based on their temporal relationships to RCT, factors associated with outcomes of 
endodontically treated teeth can be classified into three categories: pre-operative, intra-
operative and post-operative (Friedman, 1998). 
1.5.1.  Pre-operative Factors  
 
A. Presence of Pre-operative AP  
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Outcomes of endodontically treated teeth are greatly influenced by the pre-operative 
periapical diagnosis of the teeth. Many studies have consistently demonstrated the poorer 
outcome of treatment in teeth with pre-operative AP compared to teeth without pre-operative 
AP (Engstrom et al., 1965; Ørstavik et al., 1993, 1996, Sjogren et al., 1997). The difference 
in outcome can be explained not only by the variability of the tissues’ repair potential, but 
also by the inability of current endodontic techniques to consistently disinfect the root canal, 
i.e., despite careful antibacterial management, not all the canal spaces can be readily rendered 
bacteria-free (Friedman, 1998).  
Pre-operative periapical status has been shown to modify the effect of RCT quality on 
outcomes of endodontically treated teeth (Engstrom et al., 1965; Buckley and Spangberg, 
1995; Chugal et al., 2003). For instance, for teeth with pre-operative AP where pulps are 
likely to be necrotic, success appears to be enhanced when the root canal is instrumented and 
filled closer to the root apex, thereby effectively removing any remaining infected necrotic 
tissue. In contrast, for teeth without pre-operative AP where pulps are likely to be vital, the 
outcome is most favorable when the distance from the apex is maintained short (but within 2 
mm) of the radiographic apex (Engstrom et al., 1965). When analyzing the simultaneous 
effect of pre-operative AP and extension, Chugal et al. (2003) showed that, compared with 
teeth with normal periapices, the risk of failure (presence of post-operative AP) for teeth with 
pre-operative AP was higher for the same level of extension (odds ratio (OR) = 4.8, P = 
0.0001). In a model that tested the interaction among pre-operative AP, extension and 
density, they further found that: (1) the average risk of failure was not affected by extension 
of root filling material in teeth with normal periapices; (2) an increase in extension only 
increased the risk of failure in teeth with pre-operative AP, regardless of density; and (3) 
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given the same pre-operative periapical diagnosis and extension level of root filling, teeth 
with a poor / fair density of filling had more than double the risk of failure compared to good 
density of filling (OR = 2.18, P = 0.03). 
B. Size of Pre-operative AP 
Some studies reported a better prognosis for teeth with smaller AP lesions 
(Matsumoto et al., 1987; Freidman et al., 1995) than for teeth with larger lesions, whereas 
others do not show significant differences between smaller and larger lesions (Shah, 1988; 
Sjogren et al., 1990; 1997). The inconsistent results among studies may be due to differences 
in observation time.  
C. Symptoms 
Reports regarding the association between pre-operative symptoms and outcomes of 
endodontically treated teeth are also inconsistent. Some studies showed a higher success rate 
in asymptomatic teeth than in symptomatic teeth (Pekruhn, 1986; Friedman et al., 1995), 
while others demonstrated comparable outcomes (Sjogren et al., 1990).      
D. Tooth Type 
Overall comparisons of outcomes between anterior and posterior teeth are inconclusive. 
Certain teeth occasionally demonstrate a better outcome than other teeth, but the pattern is 
not specific (Swartz et al., 1983; Molven et al., 1988).  
E. Periodontal Status 
Whether or not the presence of periodontal disease affects the outcome of endodontic 
therapy is also inconclusive based on only two available studies (Matsumoto et al., 1987; 
Sjogren et al., 1990). 
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F. Demographic Factors and Systemic Conditions   
In the majority of the literature, none of the demographic factors has been found to have 
a consistently significant effect on outcomes of endodontically treated teeth. One 
retrospective study showed that older patients had a reduced risk of post-operative AP (Smith 
et al., 1993). Occasionally, outcome of RCF teeth is better in males (Smith et al., 1993) or in 
females (Swartz et al., 1983, Chugal et al., 2001), but the general effect of a patient’s age and 
sex on the outcomes of RCF teeth is contradictory (Friedman, 1998). It has been reported that 
socioeconomic status indicators of the individual (e.g., education, occupation, marriage) were 
not strongly associated with post-operative AP outcome, possibly because the tooth-level 
dental variables were more directly associated with the periapical disease and masked the 
effects of those person-level variables (Aleksejuniene et al., 2000; Kirkevang et al. 2003).  
Findings regarding the association between some systemic conditions (e.g., smoking 
and diabetes) and treatment outcome are conflicting. In one study, smoking was found to be 
significantly associated with a higher risk of post-operative AP, possibly reflecting a 
generally delayed bone healing process among smokers (Kirkevang et al., 2003); while 
another study showed that, after controlling for age, the association between smoking and 
post-operative AP was not statistically significant (Bergstrom et al., 2004). A study of 540 
AP cases (including 73 cases in patients with diabetes) found that patients with diabetes had 
increased periodontal disease in teeth with AP compared with patients who did not have 
diabetes (Fouad et al., 2003). The same study reported that, in cases with pre-operative AP, 
patients with diabetes had a greater likelihood of post-operative AP. However, no significant 
effect of diabetes on post-operative AP was found in another retrospective cohort study 
(Britto et al., 2003). To our knowledge, associations between outcomes of endodontically 
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treated teeth and important systemic health conditions such as hypertension or body mass 
index (BMI) have not been reported. 
1.5.2.  Intra-operative Factors  
 
A. Elimination of Intracanal Infection 
AP is an inflammatory process around the apex of a tooth root. Hence, the fundamental 
aim of endodontic treatment is the clinical management of a microbiological problem (Smith 
et al., 1993; Figdor, 2002). To achieve this, it is ideal to eliminate bacteria as completely as 
possible and exclude further infection from the root canals. If the canals are demonstrated to 
be free of infection by culturing prior to root filling, there is a higher chance of success 
(Engstrom et al., 1964; Heling et al., 1978), especially for teeth with apical lesions at the 
time of the treatment (Sjogren et al., 1997; Katebzadeh et al., 1999, 2000). If bacteria persist 
in the canals at the time of filling, there is a higher risk that the treatment will fail (Sjogren et 
al., 1997). How high this risk is will depend on the quality of root filling. In some cases, the 
bacteria will die from the medicaments used in the root filling, and in other cases they will be 
entombed or lose access to nutritional material and eventually die. But in all cases where 
viable bacteria remain in the root canal, there is a constant risk that AP may develop or be 
maintained (Sjogren et al., 1997; Figdor, 2002).  
Nevertheless, culturing techniques prior to root filling are neither readily available, nor 
required in the routine practice of endodontic treatment (Sjogren et al., 1997), which reduces 
our ability to assess the level of bacteria in the canals prior to root filling. Because complete 
disinfection of the infected pulp space is often difficult, satisfactory root preparation such as 
instrumentation and enlargement (i.e., removal of all intracanal soft tissue and preparation of 
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the canal) and quality root filling are essential to maximize the chances of a successful 
outcome.  
B. Extension of Root Filling Material  
To effectively remove any remaining infected necrotic tissue, the length of the root 
filling material relative to the radiographic apex is important. Root filling material such as 
Gutta-percha is tolerated well by tissue, so its extrusion should not impair periapical healing. 
However, extrusion of the root filling material is often preceded by over-instrumentation and 
transportation of infected debris periapically, which would impair healing (Sjogren et al., 
1990).  Adequate extension (i.e., the end of the filling is 0-2 mm away from the radiographic 
apex) has been considered to be associated with a better outcome of RCF teeth than a short 
root filling material (>2mm away) (Engstrom and Lundberg, 1965; Eriksen, 1995; Smith et 
al., 1993). Some prognostic studies have suggested that it is essential that the filling be close 
to the radiographic apex because the risk of failure increases as the root filling material 
shortens (i.e., ends further away from the radiographic apex) (Ray and Trope, 1995; Buckley 
and Spangberg, 1995; Dugas et al., 2003). Indeed, Chugal et al. (2003) have reported that, 
for every millimeter loss in the length of root filling material, the odds of having post-
operative AP increase by approximately 14%. Radiographic demonstrations for extension of 
root filling material are shown in Figure 3.  
C. Density of Root Filling Material  
During endodontic treatment, the necrotic pulp is removed and replaced with filling 
material. Hence a solid and homogeneously packed root canal filling is desirable, especially 
for teeth with pre-operative AP at the time of filling. The risk of post-operative AP was 
reported to be higher if the root filling had non-uniform radiodensity with the canal space 
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visible laterally and apically  (Buckley and Spangberg, 1995; Chugal et al., 2003; Ørstavik et 
al., 2004). Radiographic demonstrations for density of root filling material are shown in 
Figure 3.   
D. Other RCT-related Factors  
In addition to extension and density of root filling material, other intra-operative 
variables that may influence outcome of RCF teeth include complications that occur during 
the treatment process and dental techniques and materials used for the treatment. 
Treatment–related complications, such as perforation of the pulp chamber or root, 
broken instruments left in the root canal, unfilled canals or roots, and too little filling at the 
root apex, all impair the treatment outcome (Kerekes and Tronstad, 1979; Benenati et al., 
1986; Kvinnsland et al., 1989; Friedman et al., 1995; Farzaneh et al., 2004). However, these 
complications cause only a small proportion (<4%) of extractions in endodontically treated 
teeth (Vire, 1991).      
Both treatment technique and filling materials have improved markedly in the past 
decades (Smith et al., 1993). However, there is little published information suggestive of the 
impact of different treatment techniques or filling materials on treatment outcome. Repeated 
cross-sectional studies on comparable populations in different years were conducted in 
Sweden (Petersson, 1993) and Norway (Eriksen et al., 1991). The findings demonstrated that 
an improvement in the technical quality of endodontic treatment resulted in a decreased 
incidence of post-operative AP. Although overall treatment technique has been shown to be 
one of the main predictors of post-operative AP (Farzaneh et al., 2004), the impact of 
different techniques (e.g., lateral and vertical condensation of the filling material) on the 
treatment outcome has not been assessed by direct comparison. Among root filling materials, 
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Gutta percha is the most commonly used, whereas silverpoint (a previously used root filling 
material) is not recommended today as it does not seal the canal laterally or coronally and 
may cause tooth or gingival staining (Molven et al., 1988). Attempts have been made to 
compare different filling materials and it has been suggested that the choice of material may 
influence the outcome of treatment (Orstavik et al., 1987). The overall effect of the filling 
material on periapical inflammation has been investigated in some studies but had low 
impact (Waltimo et al., 2001; Orstavik et al., 2004).  
1.5.3.  Post-operative Factors  
 
After RCT is completed, a coronal restoration is usually placed on the crown to protect 
the tooth from fracture and restore the tooth to function. Infection and failure can occur from 
ingress of bacteria following treatment, through coronal leakage, and from exposed dentinal 
tubules communicating with periodontal defects (Saunders et al., 1994). Poor quality or 
absence of a coronal restoration in RCF teeth has been shown to lead to a poorer treatment 
outcome (Swartz et al., 1983; Friedman et al., 1995; Heling et al., 2002; Salehrabi and 
Rotstein, 2004). Although the type of restoration has not been found to significantly 
influence outcome (Friedman et al., 1995), posts especially screw posts were found to be a 
risk factor for development of AP while crown was not  (Eckerbom et al., 1991). 
Overall, compared to pre- and intra-operative factors, there is relatively less information 
available regarding post-operative factors related to outcomes of RCF teeth in previous 
studies, although the topic has received increasing attention in recent years. Another 
controversial subject is whether endodontic or coronal restoration is more important to a 
successful outcome of endodontically treated teeth. Some studies (Ray and Trope, 1995; 
Kirkevange et al., 2000) showed the quality of coronal restoration to be of relatively greater 
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importance than the quality of root canal filling, whereas some revealed that, even though the 
coronal restoration had a significant impact on periapical health, RCT quality was still the 
most critical factor (Tronstad et al., 2000; Siqueira et al., 2005), and others found both to be 
of equal importance (Hommez et al., 2002).  
2.  Study Two: Factors Associated with Time To Tooth Loss 
2.1.  The Epidemiology of Tooth Loss 
 
In the 1985-1986 US national survey of adult oral health, 63% of employed Americans 
over the age of 18 were missing at least one permanent tooth (not counting wisdom teeth); 
the corresponding figure was 98% for seniors (aged 65 and older); 4.2% of employed adults 
and 41% of seniors were fully edentulous (i.e., no natural teeth remaining) (National Institute 
of Dental Research, 1987). Unlike other oral conditions, tooth loss is not solely one 
biological process, but also involves sociological and psychological factors (Burt et al., 
1999). Individuals with lower income or less education are more likely to become 
edentulous, regardless of age and gender (Eklund et al., 1994). Thus, Gilbert et al. (1999) 
pointed out that: “tooth loss apparently is the result of complex interactions among dental 
disease, incident dental signs and symptoms, tendency to use dental care in response to 
specific dental problems, dental attitudes, and ability to afford non-extraction treatment 
alternatives”. 
Even though the incidence of tooth loss is decreasing in the US due to improved access 
to dental care, benefits of new dental technology and positive attitudes toward tooth 
retention, a better understanding of its underlying causes is still needed. Research on 
edentulism, however, has been mostly confined to cross-sectional studies except for the 
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NHANES I (National Health and Nutrition Examination Survey I) epidemiological follow-up 
study of 1982-1984, which collected additional data from some participants initially seen 
during the first NHANES of 1971-1975. However, this analysis could not distinguish those 
who had tooth loss early in the 10-year period from those who had tooth loss later. As 
pointed out by the researchers, “a theoretically complete model of tooth loss would include 
an assessment of the patterns and timing of loss of individual teeth” (Eklund et al., 1994). 
Principal findings from this nationally representative sample were that early tooth loss was a 
strong predictor of subsequent edentulism, i.e., “tooth loss predicts tooth loss”, while age and 
gender were no longer significant predictors after adjusting for number of teeth at baseline. 
To reduce edentulism in the long run, it is essential to better understand the underlying 
reasons of loss of individual teeth prior to edentulism. 
2.2.  Factors Associated with Tooth Loss 
2.2.1.  Periodontal Status and Caries 
 
Periodontal disease (i.e., a chronic bacterial infection that affects the gums and bone 
supporting the teeth) and dental caries (including AP resulting from caries) have been found 
to be two major reasons for tooth loss (Eckerbom et al., 1992; Phipps et al., 1995; Burt et al., 
1999; Krall et al., 1999). Older reports stated that dental caries was the main reason for tooth 
loss before age 35, while periodontal disease was the main reason after age 35 (Pelton et al., 
1954; Loe et al., 1978). However, since the mid-1980s, a number of studies from practitioner 
surveys (Cahen et al., 1985; Kay et al., 1986; Corbet and Davis, 1991), reviews of dental 
records (Chauncey et al., 1989; Stephens et al., 1991), and survey examinations (Luan et al., 
1989; Eckerbom et al., 1992) have consistently found that dental caries is the principal cause 
of tooth loss at most ages, with the possible exception of the oldest (i.e., over 60 years).   
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One study of dental records compared the relative contribution of caries and periodontal 
disease in tooth loss (Phipps et al., 1995). Among 2052 lost teeth, 51% were extracted due to 
periodontal disease, 35% to caries, 10% to both, and 4% to other causes. However, when 
tooth loss was evaluated at the patient-level, among 1877 patients aged 40-69 who had at 
least one tooth extracted, 58% had tooth extraction due to caries, 40% to periodontal disease, 
5% to both, and 3% to other causes. These results indicate that severe dental caries tends to 
result in extraction among more patients than severe periodontal disease, whereas severe 
periodontal disease tends to result in multiple extractions in a relatively small number of 
patients.   
2.2.2.  Endodontic Involvement (Endodontic disease and treatment) 
 
As AP is often not defined as a specific cause of extraction, it is difficult to estimate its 
relative importance in extraction of teeth. It has been found that one-fourth of the extracted 
teeth among adult Swedes had AP (Eckerbom et al., 1992). Another study demonstrated that 
survival of RCF teeth was significantly higher when there was no pre-operative AP (Cheung 
and Chan, 2003). Interestingly, some researchers have mentioned “failed endodontic 
treatment” and “pain” as causes of extraction without explicitly defining AP (Corbet and 
Davis, 1991; Reich and Hiller, 1993; Vignarajah, 1993). It was thus concluded that AP has 
often not been appreciated as a separate “disease” but rather considered as a sequel to dental 
caries (Eriksen, 1998).  
Endodontically treated teeth were shown to be lost significantly more often than teeth 
without endodontic treatment in a Swedish longitudinal study (Eckerbom et al., 1992). A 
matched cohort study conducted in the US demonstrated that RCF teeth had substantially 
worse survival than their non-RCF counterparts (Caplan et al., 2005). In a retrospective 
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evaluation in France, RCF teeth with periodontal involvement had shorter survival times than 
those of vital teeth with periodontal involvement (Jaoui et al., 1995).  
2.2.3.  Tooth-level Factors  
 
A. Crown 
Results with regard to coronal restoration and tooth loss are inconsistent. One 
longitudinal study on tooth mortality showed that there was no significant difference in the 
risk of being lost between teeth without crowns and those with crowns (Eckerbom et al., 
1992).  However, one major cause of extraction of RCF teeth has been reported to be 
restorative failure, particularly crown fracture (Vire, 1991). Studies showed that RCF teeth 
not crowned after filling root canals were lost more often than teeth crowned after RCT 
(Lazarski et al., 2001; Aquilino and Caplan, 2002; Caplan et al., 2002; Cheung and Chan, 
2003). Another study in a large patient population from 50 US states revealed that, 85% of 
the extracted RCF teeth had no full coronal coverage and a significant difference was found 
between covered and non-covered teeth (Salehrabi and Rotstein, 2004). 
B. Tooth Type 
Molars and premolars have been found to be lost more often than teeth in the front 
region (Eckerbom et al., 1992; Vignarajah, 1993; Marcus et al., 1996; Hujoel et al., 1998), 
but the opposite result has also been reported (Al-Shammari et al., 2005). In one study, 
mandibular molars constituted about 70% of extractions of endodontically treated teeth (Vire, 
1991). Similarly, molars have been shown to have a worse survival than anterior teeth after 
RCT (Swartz et al., 1983; Cheung et al., 2001; Caplan et al., 2002; Cheung and Chan, 2003). 
 C. Number of Proximal Contacts 
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A tooth’s proximal contact refers to its neighboring teeth in the same arch. Research on 
relationships between proximal contacts and tooth loss has been restricted within RCF teeth 
only. A case-control study reported that, RCF teeth that were subsequently lost had fewer 
proximal contacts with neighboring teeth at the start of treatment than RCF teeth that were 
not subsequently lost (OR=2.7, 95% CI=1.4, 5.1) (Caplan and Weintraub, 1997). The 
hypothesis that having two proximal contacts at access is associated with improved survival 
of RCF teeth was further tested and confirmed in a retrospective longitudinal study  (Caplan 
et al., 2002), after controlling for tooth type, presence of radiographic caries at access, and 
presence of a crown before or after obturation (i.e., filling of the canal system).  
2.2.4.  Person-level Factors 
 
A. Number of Teeth at Baseline  
Number of teeth at baseline has been found to affect tooth loss in both the general 
population and patients receiving RCT. In a longitudinal study in the US, individuals having 
more missing teeth at baseline were reported to be more likely to lose teeth compared to 
those with fewer missing teeth at baseline (Eklund and Burt, 1994). Patients missing more 
teeth at the time of RCT were also more likely to lose the RCF tooth (Caplan and Weintraub, 
1997). 
 B. Demographic Factors and Systemic Conditions   
Potential risk factors associated with tooth loss include age (Eklund and Burt, 1994; 
Holm, 1994; Caplan and Weintraub, 1997; Gilbert et al., 199; Leung et al., 2006), education 
level (Burt et al., 1990; Locker et al., 1996; Leung et al., 2006), gender (Eklund and Burt, 
1994; Locker et al., 1996; Gilbert et al., 1999), income (Gilbert et al., 1999; Lin et al., 2001), 
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race (Gilbert et al., 1999), and smoking (Holm, 1994; Krall et al., 1997; Krall et al., 1999; 
Leung et al., 2006). A recent cross-sectional study in general dental practice clinics showed 
that tooth loss due to periodontal disease is associated with diabetes (OR=2.64, 95% 
CI=2.19, 3.18), hypertension (OR=1.73, 95% CI=1.41, 2.13) and rheumatoid arthritis 
(OR=4.19, 95% CI=2.17, 8.11) (Al-Shammari et al., 2005).   
C. Oral Hygiene Behaviors  
A comprehensive search of the extant published dental literature has failed to reveal any 
consistent effect of oral hygiene behavior factors (e.g., frequency of brushing teeth and 
flossing, and use of dental care) on tooth loss. A cross-sectional study reported that tooth loss 
was significantly associated with never having periodontal maintenance (OR  = 1.48; 95% CI 
= 1.23, 1.78) and never using a toothbrush (OR = 1.81; 95% CI = 1.49, 2.20) (Al-Shammari 
et al., 2005). Another cross-sectional study also demonstrated that frequent tooth brushing 
was a significant factor for subjects’ retention of more teeth (Vysniauskaite et al., 2005). 
However, improved oral hygiene was not found to significantly reduce tooth loss in a clinical 
trial (Hujoel et al., 1997).   
2.3.  Factors Associated with Loss of RCF Teeth 
2.3.1.  Loss of RCF Teeth 
 
The declining incidence of tooth loss is largely accredited to a more conservative dental 
treatment philosophy and more positive attitudes toward tooth retention. With today’s better 
understanding of periodontal diseases and AP, many teeth that would have been extracted 
previously are now saved, and RCT is an important component of this effort. Unfortunately, 
RCT does not ensure a tooth’s longevity, because it could not prevent future loss of the tooth 
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from recurrent caries, AP, root fracture or periodontal disease (Heffernan et al., 2003). On 
the other hand, many teeth considered to be endodontic failures are not extracted (Caplan et 
al., 2005). Loss of RCF teeth, though not necessarily related to endodontic failure, may 
represent a more meaningful outcome to patients, especially if the decision to receive RCT is 
based on expected tooth longevity (Caplan et al., 2002).  
RCF teeth may be lost for a variety of reasons. A one-year follow-up study evaluated 
reasons for extraction of 116 RCF teeth in a dental clinic (Vire, 1991). Failures were grouped 
into three categories: (1) Prosthetic failures: 69 teeth (59.4%) were extracted due to the 
failure of the restoration or an inability to further restore the tooth. In this group, RCT itself 
could be considered successful but the total dental treatment was a failure because of 
extraction. (2) Periodontal failures: 37 teeth (32%) were extracted because alveolar bone loss 
was so extensive that the tooth was not able to bear a prosthetic load. (3) Endodontic failures: 
10 teeth (8.6%) were extracted due to vertical root fractures, or instrumentation failures, or 
incomplete obturation. 
One study followed up a group of RCF teeth for 8 to 10 years (Sjogren et al., 1990). 
They found that among 68 extracted RCF teeth, 4% were perforated during post preparation, 
3% were endodontic failures, 31% had root fractures, 16% were extracted due to caries, 15% 
to periodontal disease, and 31% for unknown reasons. Another case-control study (Caplan 
and Weintraub, 1997) revealed that of 96 extracted RCF teeth, 22% were due to periodontal 
disease, 20% to vertical root fracture, 16% to nonrestorable caries, 10% to nonrestorable 
fractures, 25% for other reasons, and 7% for unknown reasons.  
2.3.2.  RCT-specific Factors Associated with Loss of RCF Teeth 
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In addition to the risk factors associated with overall tooth loss reviewed in section 2.2, 
survival of RCF teeth is influenced by some treatment-specific factors, although results have 
been inconclusive.  
First, teeth with incomplete RCT have been shown to have poorer survival than teeth 
with completed RCT (Caplan and White, 2001). RCT quality was found to affect the survival 
of RCF teeth in some studies: One study conducted in Sweden (Eckerbom et al., 1992) found 
that, among 65 extracted RCF teeth, 68% were registered as having one or more root with the 
filling material ending more than 2 mm from the apex. The authors concluded that RCT 
quality affected the risk of loss. Another study found that radiographic presence of voids in 
the apical and middle thirds of root canal fillings was associated with a significantly lower 
mean survival time than the presence of voids found in the coronal third or no void at all 
(Cheung, 2002). The same study also found that the use of a calcium hydroxide dressing 
during treatment was associated with a longer survival time than no use of medication. 
However, in a later study conducted by the same author, neither of the RCT quality variables 
was significantly associated with survival of RCF teeth (Cheung and Chan, 2003).  
In addition, posts present a risk for extraction of RCF teeth associated with vertical root 
fracture (Vire, 1991). Such fractures tended to be more common in teeth with posts, and they 
tended to be angular fractures emanating from the apical end of the posts. Similarly, teeth 
with screw posts were found to be lost more frequently than other teeth (Eckerbom et al., 
1992). These results are, however, inconsistent with those from another study that found the 
post did not appear to be a reason for vertical root fracture (Morfis, 1990). 
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3.  Summary of Literature Review 
3.1.  Specific Gaps Existing in Previous Studies on RCT Quality and 
Post-operative AP 
 
Methodological flaws : First, for measurements of exposures, some studies simply 
scored RCT quality as “good / poor” or “adequate / inadequate”, according to a self-
determined radiographic set of criteria (Ray and Trope, 1995; Siqueira et al., 2005). For 
measurements of outcomes, there is the lack of a clear definition for the success/failure of 
endodontic treatment; little has been done to distinguish outcomes that should be highlighted 
during different lengths of follow-up. Second, many studies did not adjust for important 
confounding factors when looking at the association of RCT quality and AP, e.g., person-
level demographic factors such as socioeconomic status, BMI, smoking history, hypertension 
and diabetes were not accounted for. Third, in analyses of RCF teeth, correlations among 
teeth within the same individual are often ignored in the modeling process. Many previous 
studies simply lumped together all treated teeth into a group without regard to number of 
teeth contributed per individual, and such analyses that ignore the correlation structure may 
lead to incorrect inferences. Others randomly selected one observation per person for 
analysis, resulting in inefficient estimation because not all data were used (Kleinbaum and 
Klein, 2002; Chuang et al., 2002).  
Limited populations studied: Most studies involved European populations. A recent 
review (Friedman, 2002) identified 11 observational cohort studies of at least mid-range level 
of evidence and only one study in the US was included (Trope et al., 1999). All of the 
previous studies conducted in the US used either highly selective patients from dental clinics 
of teaching hospitals (Ray and Trope, 1995; Buckley and Spangberg, 1995; Trope et al., 
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1999; Chugal et al., 2001; Chugal et al., 2003) or subjects from dental insurance programs 
(Salehrabi and Rotstein, 2004). None of them used a population-based sample.  
Suboptimal study design: Most previous studies have cross-sectional designs, which 
thus reduce their ability to make inferences about the prognosis of endodontically treated 
teeth.  Moreover, such studies are usually performed on selected patients treated by skilled or 
supervised specialists; they have in essence been case reports with groups of dental patients. 
Therefore, these studies demonstrated the potential outcomes of RCF teeth in dental 
institutions or specialist clinics rather than their realistic outcomes in the general population. 
Although some studies have longitudinal designs, they only included cases observed for 
about 6-12 months. Such short observation time does not reflect the complete change in 
outcomes of RCF teeth, and it is impossible to determine whether a periapical lesion is 
healing or expanding.  
Difficult comparisons of study results: Previous studies differ from each other in 
material composition, treatment procedures and methodology. Due to their varying range of 
factors and lack of standardization, it is somewhat difficult to make direct comparisons and 
interpret the results.  
In summary, further longitudinal epidemiological studies on North American 
populations are needed to assess the prevalence and incidence of post-operative AP, and its 
associations with RCT quality, after adjusting for potential confounding variables.  
3.2.  Specific Gaps Existing in Previous Studies on Tooth Loss 
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In contrast with the research on post-operative AP related to RCT, research on tooth loss 
is relatively sparse. Besides the above gaps regarding methodology, study populations, study 
design and study results, there are a few other specific issues to consider.  
Insufficient observation time: The majority of longitudinal studies on tooth loss 
followed up a group of dental patients only for a relatively short time period, for instance, at 
most 9-10 years. Interpretation of such studies is limited by insufficient follow-up time. A 
longer follow-up period is desirable in studies of tooth loss.  
Failure to compare loss of RCF teeth and non-RCF teeth in the same study: 
Although attempts have been made to determine potential predictors for loss of RCF teeth, 
these studies usually focused on a group of RCF teeth only, and did not include non-RCF 
teeth. Thus they were unable to compare the survival status between teeth with and without 
RCT.  
Failure to assess AP as a separate cause: AP has often been combined with caries as 
related to tooth loss, and little has been done to evaluate the role of AP as a separate reason. 
It would be interesting to assess how both RCT and AP would affect tooth survival in the 
same study.  
Statistical approach: Some studies simply performed a logistic regression analysis 
with a dichotomous dependent variable: tooth extracted or not extracted. This analysis 
ignores information on the timing of tooth loss, which would provide important information 
(Weiger et al., 1998). Some studies simply discarded the information on teeth that were not 
extracted during the follow-up period, which could only work well if the proportion of such 
“censored” teeth is small. In short, conventional methods are inefficient for dealing with 
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survival data. By contrast, survival analysis can accommodate these characteristics of 
survival data and should be used in the research of tooth loss.   
In summary, studies of tooth loss should be designed in such a way that sufficient 
follow-up time is available for most teeth, and a proper analytical approach should be used to 
enable correct inferences of estimates.  
 CHAPTER III.   RESEARCH QUESTIONS AND 
SIGNIFICANCE 
1.  Study One: RCT Quality and Post-operative AP  
1.1.  Research Questions 
 
Question 1. Is the extension or density of root filling material associated with the 
prevalence and incidence of AP within a 3-year follow up period after RCT? 
Hypothesis: (1) Teeth with underfilled or overfilled filling material have an increased 
risk of post-operative AP compared to teeth with ideal extension of root filling material. (2) 
Teeth with unevenly packed filling material have an increased risk of post-operative AP 
compared to teeth with evenly packed filling material.   
Question 2. Is the effect of extension or density on post-operative AP modified by pre-
operative AP? 
Hypothesis: The effect of extension and density on post-operative AP is greater in teeth 
with pre-operative AP than those without pre-operative AP.    
1.2.  Significance 
 
Acute AP and pulpitis remain the most frequent dental emergency conditions (Eriksen, 
1991). Severe, spontaneous, and persistent pain affects patients functionally and 
psychologically. If left untreated, AP will lead to a spreading infection into the surrounding 
soft tissue that results in cellulitis (i.e., an acute spreading inflammation of the connective 
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tissue). Since AP involves resorption of adjacent supporting bone and local infiltration of 
inflammatory cells, the affected tooth will become sensitive, loose and eventually need to be 
removed.  
AP is a remarkably widespread problem. However, AP has not attracted the attention 
deserved by such a common disease. Compared with extensive documentation on cariology 
and periodontology, endodontology has little epidemiological data (Walton and Torabinejad, 
1989; Tronstad, 1991; Ingle and Bakland, 1994). Guidelines for endodontic teaching 
programs do not regularly include endodontic epidemiology. Further, major oral health 
surveys excluded the opportunities for endodontic evaluation, because they either excluded 
radiographic documentation or applied only bitewing radiographs for caries/periodontal 
documentation (Eriksen, 1998).  
As the most common sequel of a failed endodontic treatment, AP appears to be more 
prevalent in RCF teeth (Eriksen, 1991). This finding should be of particular concern since 
there is a discrepancy between the quality and results of endodontic treatment performed in 
general practice compared with the results obtained in specialty clinics. The success rate of 
endodontic treatment has generally been regarded as high -- 87% (Eriksen, 1998). This figure 
applies to endodontic treatment done in specialist practice where a higher expertise is likely 
to result in a better technical standard of treatment, whereas the success rate in general 
practice is only 72% (Eriksen, 1998). When the failure rate is measured relative to the 
prevalence of endodontic treatment, the full dimension of the problem becomes more 
apparent. For example, if a conservative failure rate of 13% for endodontic treatment in the 
average population is assumed, it can be estimated that there are 54 million failed endodontic 
treatments in the US. Taking the greater failure rate of treatment in general practice, this 
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figure could be as high as 117 million. When these numbers are multiplied by the cost of 
endodontic re-treatment and crown or restoration replacement, the cumulative economic 
impact is in the billions of dollars (Figdor, 2002). If picturing both the prevalence of AP and 
the failure rate of RCT in other countries and areas in the world, where limited dental care 
and out-of-date treatment techniques still exist, the problem becomes even more serious (De 
Cleen et al., 1993).  
So far most information available regarding RCT quality and post-operative AP is 
derived from well-controlled clinical studies performed by specialists. Epidemiological data 
is needed to provide additional knowledge in this regard in order to improve the results of 
endodontic practice. Given the relatively high frequency of endodontic disease and treatment 
among adult populations, the overwhelming health, social, and economic consequences 
associated with failure of endodontic treatment, and the burgeoning evidence that pulpal 
inflammation might be associated with certain systemic outcomes (Joshipura et al., 2006), 
results from Study One might enable dental scientists to gain insight into the relationship 
between RCT quality and subsequent periapical inflammation, and to address how we can 
provide better quality of endodontic care to reduce the burden of AP.   
2.  Study Two: Factors Associated with Time To Tooth Loss 
2.1.  Research Questions 
 
Question 1. What variables are the best predictors for “time to tooth loss”? Which 
predictive model is the most parsimonious one? 
Question 2. What is the role of endodontic involvement (including endodontic 
treatment and periapical lesions) in subsequent tooth loss?  
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Hypothesis: Both RCT and AP are predictive of tooth loss. 
2.2.  Significance 
 
Tooth loss is the dental equivalent of death. As an end product of dental disease, tooth 
loss can negatively impact quality of life. It is a common problem not limited to elderly 
groups. The ultimate goal of all dental restorations is to save teeth and keep them functional 
in the mouth. During treatment planning, tooth loss is relevant to the clinical and economic 
benefit considerations from the patients’ perspective; it is important to assess how much 
patients would benefit from retaining teeth rather than extracting them. 
Tooth loss does not necessarily correspond to “endodontic failure”. On one hand, 
endodontic success does not ensure tooth survival. While some extracted teeth could have 
been saved by RCT, many are lost due to non-endodontic reasons. On the other hand, teeth 
with failing endodontic treatment may survive in the mouth long after treatment (Caplan et 
al., 2005).  It is necessary for dentists to have some indication of the factors related to tooth 
loss and acknowledge how endodontic infection and subsequent treatment would affect a 
tooth’s survival.  
For instance, if tooth loss is more related to factors that can be determined during 
treatment planning, one should pay attention to these factors to minimize over-treatment of 
teeth. If loss of these teeth is more associated with the quality of endodontic treatment and 
subsequent coronal restorations, one should improve the treatment quality. In either case, 
dentists should pass on the important information to patients so that they can make a value 
judgment about the RCT versus extraction decision (Caplan and Weintraub, 1997).  
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Study Two is aimed to address this important but understudied public health problem in 
an inexpensive way. By using the data set from a longitudinal study of over 30 years, we 
were able to follow up every tooth in the data until the time when the tooth was lost or the 
study ended, and make full use of both censored and uncensored data. The aim is to develop 
a parsimonious model of tooth mortality. We hope this model can help us better understand 
the roles of various risk factors for tooth loss, specifically the role of endodontic 
involvement, over a 30-year timeframe. 
 CHAPTER IV.   STUDY POPULATION AND DATA 
COLLECTION 
1.  Study Population 
1.1.  Veterans Administration Dental Longitudinal Study (VADLS) 
 
Begun in 1968, the Veterans Administration Dental Longitudinal Study (VADLS) is an 
ongoing longitudinal study of oral health and disease among a group of 1231 adult males 
aged 25-85 years at baseline. The cohort consisted of self-selected volunteers from the parent 
VA Normative Aging Study (NAS) sample of 2280 men. The NAS was designed to study the 
determinants of age-related diseases in community-dwelling men. One goal of the VADLS 
has been to identify the determinants of oral health in aging, including identification of the 
oral, medical, and psychosocial risk factors associated with the development of oral diseases 
in an aging population. In addition, the VADLS has sought to assess the role that oral 
conditions may play as determinants of systemic health outcomes, including health-related 
quality of life (Garcia et al., 1998). Though the studies are based at the Boston VA 
Outpatient Clinic, NAS and VADLS subjects are not patients of the VA system; rather, they 
receive dental and medical care through the private sector. Their relationship to the VA is as 
volunteer participants in the research program (Caplan, 2001).  
The cohort was established through community-based recruitment of adult men from the 
Greater Boston Metropolitan Area, with a goal of geographic stability (based on their 
occupations) to minimize loss-to-follow-up rates. All volunteers were screened for entry into 
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the NAS using clinical, laboratory, radiologic, and electrocardiographic criteria to ensure an 
initially medically healthy population. This criterion allowed researchers to track subsequent 
development of medical conditions during the next 30-year follow-up. Geographic stability, 
assessed primarily by the extent of family ties, was also used as a screening criterion to 
ensure that subjects would be likely to remain in the Boston area for follow-up throughout 
their lifespan (Garcia et al., 1998). Oral health status was not an entry criterion for either the 
NAS or VADLS, so subjects in the VADLS had varying oral conditions at baseline, though 
all were free of chronic medical conditions. At baseline approximately 3% of the cohort was 
African-American, similar to the proportion in the adult male population in eastern 
Massachusetts at that time. 
Since their baseline assessment, study subjects have been seen once every three years 
for comprehensive dental and medical examinations. Complete medical and laboratory 
analyses are administered separately by the NAS. Dental examinations include both clinical 
and radiographic components. The clinical component records DMFS (i.e., decayed, missing 
or filled coronal tooth surfaces) and scores each tooth for periodontal status and tooth 
mobility (Garcia et al., 1998). The radiographic component includes a full mouth series 
(FMS) of intraoral radiographs. The clinical examination and FMS have been carried out at 
every examination cycle since baseline. 
To date, this cohort has been under observation for over 30 years. The VADLS is 
currently in its eleventh exam cycle (baseline = Cycle 1), and the principal investigators have 
been writing a proposal for an additional five-year support period, from 2005 to 2010. The 
average interval between triennial VADLS exams has been approximately 38 months and 
there are about 200 men who had a cycle 11 examination by January 2004. The most recently 
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completed cycle was cycle 10 that ran from 1997 to 2002, during which there were 377 
subjects aged 57 to 98 years (mean of 73 years), with follow-up times from 28 to 
32 years. As of January 2002, 489 of the dental subjects had died (Krall et al., 1999). 
Attrition within the cohort primarily has been due to death rather than subjects' loss of 
interest in the study or relocation (Caplan, 2001).  Those unable to travel to the Outpatient 
Clinic due to disability are still followed by mail and phone surveys, and the few subjects 
unable to respond to surveys due to dementia or other disability are still followed for vital 
statistics and ultimately, date and cause of death from death certificates. As of June 1999, 
well over 50% of the NAS original cohort of 2280 (and the VADLS original cohort of 1231) 
remain alive and participating in the studies. Over the past 10 years, the annualized attrition 
rate has been approximately 2.5%. The status of follow-up for VADLS subjects over the past 
15 years is shown in Table 2. 
For the purpose of the current research, we conducted a secondary analysis, using the 
existing computerized VADLS database. Among the VADLS original cohort of 1231, there 
were 1158 dentate participants (i.e., at least one existing natural tooth at baseline). In this 
research, we focused on a random sample of 853 dentate participants. Participants are male, 
aged 25-85 at baseline. For each subject, we had a complete record for each of the 32 
permanent teeth for each cycle at which the subject was examined.   
1.2.  Research Related to The VADLS  
 
To date, VADLS data have led to quite a few publications in prestigious dental and 
medical journals. Among them, one study examined the relationship of periodontal disease to 
mortality from all causes (Garcia et al., 1998). The investigators found that person-level 
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mean alveolar bone loss score at baseline was a significant and independent predictor of all 
cause mortality in this cohort, while controlling for other recognized predictors. Another 
study showed that increased alveolar bone loss was associated with an increased risk for 
chronic obstructive pulmonary disease, after adjusting for smoking, age, education and 
alcohol consumption, indicating that oral conditions play a role in health-related quality of 
life (Hayes et al., 1998). While most of the publications addressed such questions as 
periodontal disease, dental care utilization, oral health quality of life, or tooth loss, no 
published studies have used the comprehensive endodontic information available from this 
database, though one publication has been accepted (Krall et al., 2006).  
A search of the published dental literature has failed to reveal the use of longitudinal 
cohort studies to comprehensively examine the association between RCT quality and post-
operative AP, or to develop a predictive model for tooth loss. Such important and 
understudied questions could be effectively addressed by using an extant, comprehensive 
longitudinal study like the VADLS.  
2.  Data Collection 
2.1.  Collection Methods 
 
Radiographic examination was the method used for collection of the endodontic 
variables in this dissertation. The two examiners were both second-year residents in the 
endodontics specialty program at Boston University. They had gone through the same 
clinical training program and were educated under the same curriculum. Prior to data 
collection, to demonstrate the reliability of radiographic examination, and to evaluate the 
diagnostic criteria for the endodontic measurements, a training and calibration session for the 
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radiographic examiners was conducted in Boston where the original radiographs were 
located. Training and calibration materials were supplied by Dr. Caplan. There were a total 
of 576 teeth scored during calibration. Table 3 shows the inter-examiner reliability 
represented by kappa coefficients (Gordis, 2000) for relevant dental variables. No further 
calibration of examiners was required because the examiners reached a kappa level of 0.70 
for each variable (Landis et al., 1977). Intra-examiner reliability was not assessed, as it was 
deemed likely to be even greater than inter-examiner reliability, which itself was excellent.  
During actual data collection, radiographs were examined independently by the two 
examiners. The diagnostic criteria for radiographic evaluation, adapted from Odesjo et al. 
(1990), were identical between both data collection and data calibration, and are described in 
the following section.  
All the collected data were entered by the examiners directly into laptop computers at 
the time of data collection. Collected variables were then electronically linked to existing 
information in the parent datasets and transferred to Dr. Caplan.  
2.2.  Collected Variables 
 
Variables used in this dissertation are listed in Tables 4 and 17. Endodontic variables 
were all collected from FMS, while the remainder were either already available in the parent 
datasets or could be derived from the existing variables.  
First, teeth that had received endodontic treatment (i.e., endodontically treated teeth) 
were identified based on the following criteria: tooth with radioopaque material in pulp 
chamber and/or in one or more root canals. Based on diagnostic criteria adopted during 
radiographic examination, endodontic variables are described in detail as follows: 
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2.2.1.  Post-operative Apical Periodontitis (AP) 
 
Present - periapical rarefaction which is contiguous with periodontal ligament space and is 
>2 mm wide, and absence of intact lamina dura; (1) if rarefaction is round, record diameter in 
mm; (2) if rarefaction is irregular, record average of longest diameter and diameter 
perpendicular to longest diameter.  
Widened - apical periodontal ligament space is between 1 and 2 mm thick 
Not present - apical periodontal ligament space < 1 mm thick 
Indeterminate - quality of radiographs is insufficient for interpretation of periapical 
structures 
Note: Multi-rooted teeth with different periapical status in different roots are classified 
according to the most severe periapical condition. In other words, if there are any AP lesions 
detected at any root in a multi-rooted tooth, the AP status of that tooth will be recorded as 
“present”. Radiographic demonstrations of AP and RCT are shown in Figure 2. 
2.2.2.  Extension of Root Filling Material  
 
 This endodontic variable was designed to answer the question “how far is the end of the 
root filling material from the radiographic apex?” The position of the root filling as related to 
the radiographic apex was classified as follows: 
Underfill - distance between root filling material and radiographic apex is > 2 mm short of 
the radiographic apex 
Flushfill - distance between root filling material and radiographic apex is 0 – 2 mm short of 
the radiographic apex 
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Overfill - root filling material extends beyond the radiographic apex 
Indeterminate - quality of radiographs is insufficient for interpretation of extension 
Radiographic demonstrations of “underfill”, “flushfill” and “overfill” are shown in Figure 3.  
2.2.3.  Density of Root Filling Material  
 
This endodontic variable was designed to answer the question “how homogeneously 
is the root filling material packed in the root canal?” There are four categories - 
Ideal - no voids or inhomogeneous zones visible, no space discernible between filling 
material and canal wall 
Acceptable - no voids or inhomogeneous zones visible in apical third, no space discernible 
between filling material and canal wall in apical third 
Defective - voids or inhomogeneous zone visible in apical third or space is discernible 
between filling material and canal wall in apical third  
Indeterminate - quality of radiographs is insufficient for interpretation of density 
Note: Any tooth with 1 or more unfilled canal will be considered as defective.  
Radiographic demonstrations of “ideal density” and “defective density” are shown in Figure 
3.  
2.2.4.  Pre-operative Apical Periodontitis (AP) 
 
Pre-operative AP was radiographically defined in the same way as post-operative AP. 
The difference is that pre-operative AP was collected from radiographs taken at the cycle 
when RCT was first detected (i.e., the index cycle), while post-operative AP was read from 
radiographs taken at the very next cycle after that (about 3 years later). 
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2.2.5.  Other RCT-related Variables 
 
1. Treatment-related complications : This category refers to the following dental problems 
that could have occurred during the treatment procedure: 
(1) Perforation: Present – post is radiographically seen to communicate with 
periodontal ligament space. Absent – no radiographic evidence that post communicates with 
periodontal ligament space. 
(2) Separated instruments: Present – presence of separated instruments (e.g., broken 
files) in one or more canals. Absent – no evidence of separated instruments. 
(3) Unfilled canals: Present – presence of visible canal lumens in which root filling 
material does not extend beyond coronal third of root. Includes teeth with posts or filling 
material inside the pulp chamber but no root filling material in any canals. i.e., you can see 
the canal but not the filling inside the canal. Otherwise absent.  
(4) Unfilled roots: Present - presence of canals that are not radiographically patent (no 
lumen visible) but are thought to be present based on the assumption that each root will have 
at least one canal. i.e., you can see neither the canal nor the filling. Otherwise absent.  
(5) Root has too little filling at root apex: Present – length of root canal filling 
material present apical to post in mm. Otherwise absent. 
2. Type of endodontic filling material: Type of root filling material observed includes Gutta 
percha, silverpoint, or both.  
2.2.6.  Post Status 
 
1.  Number of canals with posts: 0, 1, >=2  
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2.  Post orientation: off axis - post location deviates from orientation of canal space, on axis 
– post is oriented parallel to canal space. 
2.2.7.  Open Access  
 
Present – endodontic access cavity appears not to be restored with permanent or temporary 
restoration, indicating that root filling material is exposed to oral cavity. Otherwise absent.   
2.2.8.  Year of RCT  
 
Considering this longitudinal study has been ongoing for over 30 years, we included this 
variable into the analysis to adjust for potential temporal changes in RCT materials and 
techniques over the study interval.  
In the original data, for each visit, each tooth had a record of the date when a FMS was 
taken. However, for each endodontically treated tooth, the year when treatment was 
performed was not directly available from the data because: (1) for teeth whose RCT was 
detected at baseline, RCT could have been done at any earlier time before baseline; (2) for 
teeth whose RCT was first detected at some cycle after baseline, RCT could have been done 
at any time between two consecutive cycles (i.e., the current cycle and the previous one), 
thus the exact time when RCT occurred was not known. Therefore “year of RCT” was 
derived from the existing variables. There were three options: (1) choose the cycle when 
RCT was first detected from radiographs (i.e., index cycle); (2) choose the cycle immediately 
prior to the index cycle; (3) choose the midpoint between (1) and (2). In this dissertation, (3) 
was adopted. 
2.2.9.  Crown 
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Present – radiographic appearance is consistent with a crown or other full coverage 
restoration; absent – no radiographic evidence of crown or other full coverage restoration. 
For Study One, crown was collected at the index cycle; for Study Two, crown was collected 
at baseline (i.e., cycle 1). 
2.2.10.  Tooth Type 
 
Teeth were grouped into three categories: anterior teeth (incisors and canines), 
premolars and molars.     
2.2.11.  Number of Teeth at Baseline and Number of Proximal Contacts 
 
Number of teeth remaining at baseline was a person-level variable that was obtained by 
counting the existing teeth in the mouth when the participant was enrolled at baseline (i.e., 
cycle 1). Number of proximal contacts was a tooth-level variable that represented the number 
of teeth adjacent to the tooth of interest and in the same arch at baseline. 
2.2.12.  Demographic Factors 
 
For Study One, age at the index cycle was calculated from the date of birth and the date 
of the index cycle; for Study Two, age at baseline was derived from the date of birth and the 
date of the first FMS radiographic examination. For both studies, income was collected in the 
1970s while education and race of each participant were obtained from baseline. Income 
information was categorized into 2 levels of annual income: greater than $25,000, and 
$25,000 or less. Education status at baseline was grouped into 3 levels: high school or less, 
some college, and college graduate. Race had 2 levels: white and black. 
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2.2.13.   Systemic Conditions 
 
Smoking, diabetes, hypertension and BMI were available from the original VADLS 
data. Smoking status at baseline was categorized as 3 levels: current smoker, former smoker 
and never smoker. Diabetes and hypertension status at baseline were both indicated as yes or 
no. BMI was a continuous variable with units of kg/m2.          
2.2.14.  Oral Hygiene Behaviors, Periodontal Status and Coronal Caries 
 
1. Oral hygiene behaviors were collected at the person-level from the health and oral history 
questionnaires used at baseline. They include:  
(1) Frequency of brushing (never, once a day, twice a day or more),  
(2) Use floss (yes or no),  
(3) Any gum treatment (yes or no),  
(4) Any cleanings (yes or no).  
2. Periodontal status variables were collected at the tooth-level from the periodontal data 
collection forms used at baseline. They include:  
(1) Alveolar bone loss score (none, <20%, >=20%),  
(2) Gingival bleeding on any surface (yes or no),  
(3) Mobility (yes or no),  
(4) Plaque score (none, interproximal only, interproximal with continuation on buccal or 
lingual surface, all surfaces with 2/3 of tooth), 
(5) Probing pocket depth (<=3mm, >3mm). 
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3. Any coronal caries (yes or no) were also collected at the tooth-level from the periodontal 
data collection forms used at baseline. 
 CHAPTER V.   STUDY ONE: RCT QUALITY AND POST-
OPERATIVE AP 
1.  Study Design 
 
In this study, the only teeth included in the analysis were teeth that were NEWLY 
endodontically treated after the baseline cycle (i.e., teeth had RCT performed at some time 
after baseline). We excluded teeth that had RCT evident at baseline because there was no 
way to determine when the RCT had been performed for those teeth. For teeth included in 
the analysis, we started from the cycle when RCT was first detected from radiographs (i.e., 
the index cycle), and followed them up until the very next cycle to determine whether post-
operative AP was present. The follow-up period was around 3 years because of the triennial 
examination characteristic of this cohort (Diagram 1). At this next cycle, if there was an AP 
lesion detected around the root apex, the treatment was considered as a “failure”, no matter 
whether this lesion was a persisting one from a pre-operative AP or a newly developed one 
that occurred after treatment.   
 
Diagram 1.   Flowchart for Study One 
 
 
 
 
 
 
The cycle when RCT was first 
detected from radiographs  
About 3 
years The very next cycle to determine 
whether AP was present or not  
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2.  Study Variables 
 
Variables used in Study One include the outcome, two main exposures, one effect 
modifier and some potential confounders (Table 4). 
 
1. Outcome : post-operative AP, defined as the presence of radiographically evident apical 
inflammation at the very next cycle after the cycle when RCT was first detected from 
radiographs.  
2. Main exposures: (1) extension and (2) density of root filling material (i.e., RCT quality) 
at the index cycle, as described previously.  
3. Effect modifier: pre-operative AP at the index cycle. 
4. Potential confounders : perforation, separated instruments, unfilled canals, unfilled roots, 
too little filling at apex, type of filling material, number of posts, post orientation, open 
access, year of RCT, crown, tooth type, age, income, education, smoking, diabetes, 
hypertension, and BMI. Note that all the potential confounders were measured at the index 
cycle. 
3.  Conceptual Model 
 
For Study One, we proposed an explanatory model. The proposed model consists of the 
outcome variable, two main exposure variables, one effect modifier and some potential 
confounding variables. The effect modifier and potential confounders are assigned into three 
categories based on their associations with the main exposures and outcome.  
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1. Variables associated with both main exposures and outcome: “Treatment-related 
complications”, “type of filling material”, and “year of RCT” are associated with both main 
exposures and outcome. They will be adjusted as confounders in the model. 
2. Variables only associated with outcome but not main exposures: “Presence of pre-
operative AP” is only associated with the outcome “post-operative AP”, but not associated 
with the main exposures since the “extension” and “density” of root filling material should be 
the same no matter whether the tooth had AP or not before the treatment is performed. 
However, literature has shown that the effect of RCT quality on outcomes differs between 
teeth with and without pre-operative AP. Further, “presence of pre-operative AP” does affect 
treatment procedure with respect to number of dental visits and use of antibacterial 
medicaments (even though these two variables are not available from our data set), and a 
different prognosis is expected between teeth with and without pre-operative AP. Thus, 
“presence of pre-operative AP” will be treated as an effect modifier rather than a 
confounding variable. Among all demographic variables, only “age” might be directly 
associated with the outcome “post-operative AP”, because (1) teeth of older people are more 
likely to have unfilled roots or canals due to canal calcification compared to younger people; 
(2) aging can slow down the healing process. “Crown, post status, open access” are not 
associated with the main exposures because RCT quality should not affect or be affected by 
post-operative restorations, but they are associated with the outcome. Nevertheless, there 
could be chance associations of these variables with exposure due to a large number of 
covariates in the data set, and it could be beneficial to adjust for them even though they are 
not confounders in the structural sense. From the literature review, systemic conditions such 
as “smoking” and “diabetes” are only found to be directly associated with the outcome “post-
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operative AP” but not directly with the main exposures. However, they are associated with 
age, and furthermore, it is worthwhile to look at these understudied but important systemic 
variables. If the adjustment does not create bias or increase variance substantially, there is 
little harm in adjusting for them.   
3. Variables only associated with main exposures but not outcome: Different “tooth type” 
affects the “extension” and “density” of root filling material and some other RCT-related 
variables, but its direct effect on post-operative periapical status is inconclusive. It does not 
strictly fit the definition of a confounder (Rothman and Greenland, 1998). Adjustment of this 
variable would not affect the expected value of the point estimate, but could change 
precision. We decided to include it as a potential confounder in the model. 
4.  Analytic Strategy 
4.1.  Data Management 
 
For this study, the outcome variable “post-operative AP” was defined as an indicator 
variable: “yes” if AP was present at the very next cycle after the index cycle, “no” if AP was 
absent, regardless of whether this AP lesion was a newly developed periapical lesion or a 
pre-existing lesion that did not completely heal. Therefore, in terms of the epidemiological 
definition, this outcome variable is “incidence” for teeth without a pre-operative AP at the 
index cycle, and “prevalence” for teeth with a pre-operative AP at the index cycle.   
During data collection, “definite AP” was determined based on a 2mm width criterion 
(see chapter IV). There is a category of “widened periodontal ligament space” where the 
apical periodontal ligament space is between 1 and 2 mm thick. The widened periodontal 
ligament space can be considered as a "maybe" AP, i.e., in the category progression, "no AP 
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/maybe AP / definite AP".  In the preliminary analysis, we found the sample sizes in the 
“definite AP” and “maybe AP” groups were much smaller compared to the “no AP” group. 
In order to increase the precision of parameter estimates and statistical inferences, we 
decided to combine the “definite AP” and “maybe AP” groups into one “yes AP” group. 
Another reason for collapsing is that periapical inflammation is always more extensive 
histologically than how it shows up radiographically. 
Furthermore, AP and some endodontic variables have a category called “indeterminate”, 
which represents radiographs that lack quality for interpretation. To get better data quality, 
we discarded all “indeterminate” readings from the analysis.  
During data collection, the extension variable was collected at the root-level while 
density was collected at the tooth-level. Therefore, a multi-rooted tooth could be grouped 
into both underfilled and overfilled extension categories depending on the extension in 
different roots. In the analysis, extension was evaluated as an ordinal variable with three 
categories: “UnderOnly” if any roots had underfilled but no roots had overfilled extension; 
“OverAny” if any roots had overfilled extension; and “FlushOnly” if all roots had flushfilled 
extension (i.e., the reference group). With these definitions, if a tooth had both underfilled 
and overfilled roots, this tooth would be put into the “OverAny” category, because literature 
review implies that an overfilled extension results in a poorer prognosis than an underfilled 
extension, so that any overfilled roots would be more likely to cause problems than any 
underfilled roots. Density was also evaluated as an ordinal variable with three categories: 
acceptable, defective and ideal density (i.e., the reference group).  
4.2.  Data Analysis 
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The unit of analysis was the tooth. Statistical analyses were performed in three parts: (1) 
univariate description of the data using frequencies and percentages; (2) bivariate 
associations between the outcome and main exposure variables; and preliminary assessment 
of potential interactions and confounders using contingency tables and Chi-square tests of 
proportions; and (3) multivariate analyses to evaluate joint associations among various 
factors using logistic regression models. Logistic regression was employed because the 
dependent variable was a dichotomous outcome: yes versus no AP. For this historical cohort 
study, relative risk (RR) estimates were calculated for variables related to the outcome. 
The Breslow-Day test was used to assess the interaction between the two main exposure 
variables and pre-operative AP at a significance level of 0.20. A higher significance level 
was chosen for the homogeneity test because, like other tests of interaction, this test has low 
power relative to tests for main effects. Bivariate relationships of each potential confounder 
to both the outcome and main exposures were also assessed. To be eligible for inclusion in 
the multivariate analysis, potential confounders needed to have a moderately strong bivariate 
relationship with both the outcome (in the unexposed population) and the main exposures (in 
the whole population) (Rothman and Greenland, 1998). Before multivariate analysis, 
collinearity was also evaluated and, if a problem was identified, orthogonal polynomials of 
the highly correlated variables were added into the full model to address it (Kleinbaum et al., 
1998). 
The following strategy for model selection was used. (1) Fit the full model2 with the 
variables that appeared to be important from stratified and bivariate analyses. To relax the 
                                                 
2The full model can be expressed as: 
Logit (P) = ß0 + ß1 (UnderOnly extension) + ß2 (OverAny extension)+ ß3 (acceptable density) + ß4 (defective 
density) + ß5 (pre-operative AP) + ß6 (interactions between pre-operative AP and main exposures) + ßs 
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assumption of linearity, several indicator variables were defined for each of the multi-level 
categorical variables, and polynomial terms were added for continuous variables. First, 
starting from the ones with the largest standard error relative to effect size, interaction terms 
were assessed using the Generalized Score Test at a significance level of 0.103. Next, 
beginning with the full model, potential confounders with the largest P-values  (i.e., the ones 
predicting the outcome the least) were eliminated and only those that led to a significant 
change in the estimates of the main exposures (| [ln(crudeOR/adjustedOR)] | > 0.10) were 
retained in the model. (2) Variables that were not important on their own in bivariate 
analysis, and so were not under consideration in step (1), might become important in the 
presence of others. These variables were therefore added to the model from step (1), one at a 
time, and any that led to a significant change in the estimates of the main exposures were 
retained in the model. (3) A final check was made to ensure that the chosen model gave the 
most meaningful gain in precision among all eligible models (i.e., any models that gave 
essentially the same point estimate as the fullest model), including the fullest model 
(Kleinbaum and Klein, 2002; Collett, 2003). During model selection, the main exposure 
variables were retained in the model irrespective of their statistical significance. All 
statistical tests were performed as two-tailed.  
SAS Version 9.1 (Cary, NC) was used for all analyses. 
4.3.  Statistical Approach for Correlated Data 
 
                                                                                                                                                       
(potential confounders), where P = Probability (post-operative AP=yes), “FlushOnly extension” is the reference 
group for “UnderOnly extension” and “OverAny extension; “ideal density” is the reference group for 
“acceptable density” and “defective density”. 
 
3For GEE model, likelihood is never formulated, so the likelihood ratio test cannot be used (Kleinbaum and 
Klein, 2002). 
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During data collection, the outcome post-operative AP was measured at the tooth-level, 
as were the two main exposures (extension and density). However, the potential confounders 
include both tooth-level (e.g., RCT-related variables) and person-level (e.g., demographic 
and systemic variables) measurements. Since outcomes of the teeth from the same person 
could be correlated, an extension of Generalized Linear Models (GLM) was used to assess 
the main effect of extension and density of root filling material on post-operative AP 3 years 
after endodontic treatment.  
In particular, the Generalized Estimating Equations (GEE) method was used to adjust 
for the clustering effect of person-level covariates in tooth-level models (Liang and Zegar, 
1986; Stokes et al., 2000). The GEE model is formulated by specifying a link function to 
model the mean response as a function of covariates, a variance function which relates the 
mean and variance of each response, and a correlation structure that accounts for the 
correlation between responses within each cluster (Kleinbaum and Klein, 2002). By using the 
PROC GENMOD procedure, three functions were specified to fit a GEE model – 
1. Link function: logit link was used. 
2. Variance function: binomial distribution was specified. 
3. A “best guess” at the working correlation structure within cluster: exchangeable 
correlation structure was specified, which assumes all correlations between outcomes of 
different teeth are equal within a person. The assumption behind the use of the exchangeable 
correlation structure is that any two responses within a cluster have the same correlation. The 
reasons to choose this working correlation structure are: (1) There is no biological reason to 
suggest that the correlations between teeth would vary within the same person; (2) cluster 
sizes (i.e., the number of teeth per person contributed to the sample) vary widely from person 
  54
to person, because every person had a different number of missing teeth at baseline and 
during the follow-up; (3) there are no repeated AP responses over time within a given 
individual, thus the correlation between responses does not depend on the interval of time 
between responses; (4) the order of AP responses within an individual is arbitrary. For the 
exchangeable correlation structure, there is only one correlation parameter to be estimated 
because GEE requires that each cluster has a common set of correlation parameters. It is not 
required, however, that there be the same number of responses in each cluster (Kleinbaum 
and Klein, 2002). 
5.  Study Results 
5.1.  Sample Size 
 
During the whole follow-up period, 853 persons contributed a total of 180384 records to 
the data set (each record represented the data collected at each cycle for every tooth or tooth 
space). Thus the total number of teeth or tooth spaces available in the data is 853*32 = 
27296; each tooth had an average of 6.6 cycles’ records during the whole follow-up (i.e., 
180384/27296 = 6.6 (cycles)).  
Among all 27296 teeth or tooth spaces in the data, 1352 teeth (5.0%) ever had RCT 
done during all the cycles, and 1025 teeth (3.8%) had RCT done at some time after baseline. 
For this analysis, our sample was restricted to the 687 teeth that had complete records at three 
consecutive cycles (i.e., the previous cycle, the index cycle, the very next cycle). Since Study 
One is aimed to determine the relationships between RCT quality and post-operative AP, 72 
teeth that had indeterminate radiographs of outcome and main exposures were excluded. 
Another 6 teeth from Black participants also were excluded from the sample because of the 
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small sample size in this category, thus the final sample size is 609 teeth (Diagram 2). These 
609 endodontically treated teeth were contributed by 288 different persons, and the number 
of teeth each person contributed ranged from 1 to 11 (Table 5). 
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Diagram 2.   Sample Size of Study One  
 
 
 
  
 
 
 
 
N =27296 tooth spaces 
Teeth that ever received RCT 
(n = 1352) 
Teeth that had RCT done at some time after 
baseline (n = 1025) 
RCF teeth that had complete 
records at 3 consecutive 
cycles (n = 687) 
Final sample size (n=609 teeth) 
Indeterminate 
radiographs of 
outcome and 
main exposures 
(n=72) 
Teeth that had already 
received RCT at baseline 
(n=327) 
1.RCF teeth that did not have complete 
records at the previous cycle (n=40) 
2.RCF teeth that did not have complete 
records at the very next cycle (n=298)  
1) Subjects who did not return (n=224) 
2) Subjects who returned but RCF teeth 
were missing (n=55) 
3) RCT got started but never completed 
(n=19) 
Teeth that never 
received RCT 
(n=25944) 
Teeth from Black 
participants (n=6) 
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5.2.  Univariate Analysis 
 
Of 609 endodontically treated teeth, 68 (11.2%) had post-operative AP at the end of 
follow-up, 541 (88.8%) had no post-operative AP. 85 (14.0%) had “UnderOnly” extension, 
122 (20.0%) had “OverAny” extension and 402 (66.0%) had “FlushOnly” extension. 154 
(25.3%) had “acceptable” density, 158 (25.9%) had “defective” density and 297 (48.8%) had 
“ideal” density. Pre-operative AP existed in 79 endodontically treated teeth (13.0%). Ideal 
density and flush-filled extension were observed in 216 teeth (35.5%), which left 393 
(64.5%) with unsatisfactory RCT quality. The mean age of the subjects at the time of RCT 
was 61 years old (Table 6).  
Endodontic complications occurred infrequently in this sample: perforation was seen in 
only 3 teeth (0.5%), separated instruments in 7 (1.2%), unfilled canals in 8 (1.3%), unfilled 
roots in 10 (1.6%), and too little filling in 13 (2.1%) respectively. Because these technical 
complications occurred so rarely, these variables were not analyzed further. Only 3 teeth had 
open access and 11 teeth were from individuals who had diabetes, but none of these teeth had 
post-operative AP, so “open access” and “diabetes” were not included in the further analysis 
either. 
5.3.  Bivariate Analysis 
 
Bivariate relationships between post-operative AP and prognostic factors are shown in 
Tables 7 through 10. Among all prognostic factors, defective density, presence of pre-
operative AP, and off-axis post orientation were significantly associated with post-operative 
AP (Table 7). Teeth that had root fillings of defective density had higher prevalence of post-
operative AP than those with ideal density (RR=2.1, 95% CI=1.2, 3.8). Among those 79 teeth 
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that had pre-operative AP, 41 (51.9%) had post-operative AP and 38 (48.1%) had no post-
operative AP; whereas among 530 teeth that had no pre-operative AP, only 27 (5.1%) had 
post-operative AP and 503 (94.9%) had no post-operative AP (RR=20.1, 95% CI=11.2, 
36.2). Teeth that had posts deviating from the orientation of the canal space also had a higher 
prevalence of post-operative AP when compared to those with posts oriented parallel to the 
canal space (RR=3.5, 95% CI=1.2, 10.3).  
Preliminary assessment of interactions between main exposures and pre-operative AP 
suggested that there was an interaction between defective density and pre-operative AP 
(P<0.20) (Table 8). The association between defective density and post-operative AP was 
greater in teeth without pre-operative AP than teeth with pre-operative AP (stratified RR = 
2.6, 1.1, respectively). There was no detectable interaction between acceptable density or 
extension and pre-operative AP. Results from preliminary assessment of confounders 
revealed that, among all the covariates, presence of pre-operative AP, off-axis post 
orientation, and former smoker contributed significantly to post-operative AP among 
“unexposed” group (i.e., teeth had RCT with “FlushOnly” extension and “ideal” density) 
(Table 9). Further, off-axis post orientation, premolar, molar, and “65+ years old” were 
significantly associated with extension among all the teeth, while presence of crown, Gutta 
percha filling, premolar, molar, and income level greater than $25,000 (in 1970s) were 
associated with density among all the teeth (Table 10). Only off-axis post orientation was 
eligible to be considered as a potential confounder. However, considering non-significant 
differences in preliminary assessment might have been due to the small sample size of some 
factors, all the covariates mentioned above were included in step (1) of model selection.   
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5.4.  Multivariate Analysis  
 
Results of multivariate model selection are listed in Tables 11-14. Interaction terms 
were evaluated first. Although the Generalized Score Test did not reveal any interaction 
terms to be statistically significant at the 0.10 level, preliminary stratified analysis and 
substantive differences in relative risks between teeth with and without pre-operative AP 
suggested keeping the interaction term between defective density and pre-operative AP (P-
value corresponding to the contrast of the jointly exposed with the jointly unexposed is also 
<0.0001). No orthogonal polynomials were needed in the model. Assessment of confounders 
showed that only smoking variables remained to be a confounding factor (estimate change in 
“UnderOnly” extension was 0.124, slightly greater than the criterion of 0.10). Adding back 
previously excluded covariates did not result in any retainable variables. Thus model 3 
appeared to be a good choice (Table 11). However, careful scrutiny revealed that P-values for 
two smoking variables in model 3 were 0.308 for “current smokers” and 0.097 for “ex-
smokers” respectively, which suggested that smoking variables themselves were not highly 
predictive of the post-operative AP outcome (Table 12). As mentioned above, removing 
smoking variables only resulted in a slight change in one of 4 main effect estimates, i.e., 
“UnderOnly” extension, whereas “UnderOnly” extension itself was not a significant variable 
in the model (P-value = 0.166). Hence, further analysis was performed to determine whether 
or not the model was indeed worth adjusting for smoking variables. Additional analysis 
revealed that the model without smoking variables had essentially the same point estimates 
of the main effects but gained more precision than the model with smoking variables 
included (Table 13). Therefore, the model without smoking variables seemed to be a better 
choice (Table 14). 
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In the final chosen model (Table 14), after controlling for the presence of pre-operative 
AP, defective density was the only significant main effect variable related to post-operative 
AP (P=0.028). Additionally, there was a significant interaction between defective density and 
pre-operative AP (P<0.0001). The effect of defective density on the risk of post-operative AP 
was modified by whether or not teeth had pre-operative AP. With the group of teeth that had 
ideal density and no pre-operative AP as reference, relative risks of post-operative AP were: 
(1) 3.0 (1.3, 7.1) for teeth that had defective density but no pre-operative AP; (2) 29.2 (13.6, 
63.0) for teeth that had ideal density and pre-operative AP; (3) 33.2 (12.0, 92.0) for teeth that 
had both defective density and pre-operative AP, respectively (Table 15). The observed 
effect of joint exposure (i.e., defective density and pre-operative AP) was only slightly 
greater than the predicted RR on the additive scale, i.e., no substantial synergism was 
observed between pre-operative AP and defective density on the risk of post-operative AP 
outcome. With the presence of pre-operative AP, neither acceptable density nor the two 
extension variables was significantly associated with post-operative AP. However, if the 
“UnderOnly” and “OverAny” categories were combined into one single “non-ideal” 
extension category, then, when compared to “FlushOnly” extension as a reference group, a 
moderately significant association between “non-ideal” extension and higher risk of post-
operative AP was observed (RR=1.8, 95% CI=1.1, 3.2, P=0.036, data not shown here). 
 Presence of pre-operative AP was significantly associated with an increased risk of 
post-operative AP (P<0.0001). Among teeth with ideal or acceptable density, the risk of 
having post-operative AP was 28 times higher in teeth with pre-operative AP than in teeth 
without pre-operative AP. Among teeth with defective density, the risk of having post-
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operative AP was 30 times higher in teeth with pre-operative AP than in teeth without pre-
operative AP (Table 15).  
Because the impact of pre-operative AP was so strong, we conducted stratified modeling 
analysis for the 530 teeth that had no pre-operative AP (Table 16). Without the influence of 
pre-operative AP, defective density remained to be the only significant main effect variable 
associated with increased risk of post-operative AP (P=0.022). Even when combining 
“UnderOnly” and “OverAny” extension into one “non-ideal” extension, a significant 
association between “non-ideal extension” and post-operative AP was not found (RR=1.8, 
95% CI=0.8, 3.7, P=0.152, data not shown here). 
6.  Discussion 
 
There were 327 RCF teeth excluded from the analysis because they already had received 
RCT prior to baseline. Additional analyses (not shown) revealed no meaningful differences 
between these 327 teeth and the 1025 teeth that received RCT after baseline, except that the 
excluded teeth tended to be from older patients and were more likely to be anterior teeth. 
The prevalence of RCT (5.0%) among 27296 teeth or tooth spaces, post-operative AP 
(11.2%) and pre-operative AP (13.0%) among 609 RCF teeth are slightly lower than the 
percentages of RCT and AP reported in the literature review (Chapter II). This is not 
surprising, since our study population is a community-based cohort, whereas previous studies 
mostly involved clinic patients. The satisfactory quality of root filling (35.5%, 216 out of 609 
teeth) in this sample is comparable with the reported rate in the literature (i.e., 30-40%), 
which emphasizes the need for improving RCT quality in endodontic practice. 
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After controlling for pre-operative AP, defective density remained independently, 
significantly associated with post-operative AP. Since it is difficult to render the root canals 
free of microorganisms, voids in the apical third may indicate potential habitation of residual 
microflora (Cheung et al., 2001). With a leaking, porous obturation, it is conceivable that 
bacteria or endotoxin secreted by bacteria could transport to the root apex, stimulating an 
inflammatory response (Ray and Trope, 1995; Lupi-Pegurier et al., 2002). Moreover, the 
interaction between pre-operative AP and defective density suggested that when pre-
operative periapical inflammation exists, defective density is likely to cause greater risk of 
post-operative AP, which is in agreement with other studies (Buckley and Spangberg, 1995; 
Chugal et al., 2003). Our results confirm the importance of having homogeneously dense 
root fillings in the root canals, especially when the tooth has pre-treatment periapical 
inflammation.  
Under-filled and over-filled root fillings have both been considered to be inadequate and 
to have a poorer prognosis compared to teeth with ideal extension (Buckley and Spangberg, 
1995). Our analysis failed to reveal any significant association between either under-filled or 
over-filled extension and the risk of post-operative AP, no matter whether pre-operative AP 
exists or not. This finding agrees with some previous studies (Sjogren et al., 1997; Cheung 
and Chan, 2003), but differs from others (Sjogren et al., 1990; Buckley and Spangberg, 
1995). There are some possible explanations for our findings. For an under-filled extension, 
if a void area was left between the tip of the filling material but the apex is free of bacteria, it 
is unlikely to increase the risk of periapical inflammation. For an over-filled extension, it 
might be because the small amount of excess root filling material extruded into the periapical 
area is not enough to induce a significant foreign body reaction. Furthermore, it is possible 
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that the number of teeth in the under-filled or over-filled group provided by our sample is too 
small for any significant influences to be detected. To test this hypothesis, we collapsed 
under-filled and over-filled extension into one single category called “non-ideal” extension4. 
By doing so, we found that “non-ideal” extension showed a moderately significantly 
increased risk of post-operative AP compared with ideal extension among teeth with pre-
operative AP. However, among teeth without pre-operative AP, “non-ideal” extension was 
still not significantly associated with post-operative AP. This is consistent with a previous 
study which demonstrated that, for teeth with pre-operative normal periapices, the length of 
root filling did not matter (Chugal et al., 2003). In contrast to the density of root fillings, our 
finding suggests that the length of root fillings seems not to be so critical for the prognosis of 
treated teeth. Especially when a tooth has no pre-operative AP and thus canal is relatively 
clean and free of bacteria, a longer or shorter length of root filling is not associated with 
poorer prognosis compared to an ideal length. The lack of influence of extension was also 
reported in a study where treatment was performed under controlled asepsis (Bystrom et al., 
1987). However, if a tooth has pre-operative AP, a “non-ideal” extension might affect the 
outcome of the treatment, but this result needs to be better demonstrated in future studies 
with larger sample size.  
In the final regression model, pre-operative AP was of greatest significance, suggesting 
that post-operative AP is primarily influenced by pre-operative periapical status. Our finding 
helps to confirm previous studies which have shown that if bacteria are removed from root 
canals to levels that are undetectable by current bacteriological methods, an extremely high 
success rate of outcome would be expected (Bystrom et al., 1987; Smith et al., 1993; Sjogren 
                                                 
4Our analysis also showed the parameter estimates and confidence intervals from the two inadequate extension 
categories were similar, which justified the collapsing of these two categories. 
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et al., 1997; Trope et al., 1999; Chugal et al., 2001; Chugal et al., 2003; Friedman et al., 
2003; Farzaneh et al., 2004). However, we have found a much greater impact of pre-
operative AP on prognosis than that described previously. This can partly be explained by the 
differences in criteria used for the identification of periapical lesions between the present 
study and other studies. It might be also due to differences in the study population and study 
design. For instance, the present study population is relatively more mature (mean age 61 
years old), so their ability to repair a pre-existing periapical lesion might be less than the 
younger population in other studies and hence they may be at a much greater risk of post-
operative inflammation. Additionally, it perhaps takes longer time for an older host to cure an 
existing AP, and a 3-year follow up in our study might not have been sufficient for these pre-
operative AP lesions to completely heal. Despite these differences, the consistent findings in 
the literature confirm a decisive role of bacteria in the development of periapical lesions.     
With the presence of pre-operative AP, the effect of any other investigated factors seems 
to be trivial. This result is similar to others (Friedman et al., 2003). There are several possible 
explanations. First, it might be because some investigated factors themselves have no 
confounding effect (e.g., crown, tooth type, number of posts, income level, education level, 
BMI). Second, the lack of significance for some covariates may be due to insufficient power 
to detect relatively small effects associated with these factors as a result of the limited sample 
size. For instance, the sample size in one category of some variables may have been too small 
(i.e., <10), to reveal any substantially significant effect (e.g., type of filling material, post 
orientation, hypertension). Moreover, when the effect of pre-operative AP is so strong that in 
the presence of this variable, a small effect of other variables could be masked. Finally, some 
covariates were excluded from the analysis because they either had too imbalanced a 
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distribution or too few events (e.g., perforation, separated instruments, unfilled canals, 
unfilled roots, too little filling at apex, open access, diabetes and race) to provide meaningful 
point estimates and confidence intervals.  
Except for some factors mentioned above, for most of the factors under investigation, 
the counts for each cell in the two-way cross-classification tables are at least 5 (Table 7). The 
number of clusters in this study (288 persons as shown in Table 5) is large enough for the 
GEE method to produce consistent estimates (Koch et al., 1999)5, so it is reasonable to 
consider our results as fairly consistent and appropriate estimates.  
Stratified modeling showed that among teeth without pre-operative AP, income 
remained in the model because of large differences in the estimates of the main effects 
(>0.10), but its large P-value indicated that it was not significantly predictive of post-
operative AP. Income in this dataset refers to “income level in 1970’s”, so this definition of 
income could introduce possible information bias because an individual’s income level could 
vary with different follow-up periods. This was the only income information available in this 
secondary data analysis.      
In summary, our findings are consistent with some previous studies in that the only true 
cause of failure of endodontic treatment should be the persistence or introduction of microbes 
and their byproducts into the root canal system and periapical region, and poorer quality root 
fillings only facilitates the process of infection (Sundqvist et al., 1979; Sjogren et al., 1990; 
Nair et al., 1990; Lin et al., 1992; Buckley and Spangberg, 1995). RCT quality is more easily 
                                                 
5Quoted from the reference (Koch et al., 1999): 
“…Note that the number of clusters determines adequate sample size, not the number of measurements per 
cluster or the total number of measurements….If you have a very small number of …explanatory variables, 25 
clusters may be minimally enough….If you have 5-12 explanatory variables, you need at least 100 clusters. If 
you wan to be reasonably confident, you probably need 200 clusters. ..” 
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quantified compared to antibacterial management, and this may have resulted in an 
overemphasis on the treatment quality factor in previous studies (Eriksen et al., 2002). There 
are two major findings that might be helpful to endodontic practice. First, when performing 
endodontic treatment on teeth with pre-operative AP, the most important thing is to eradicate 
bacteria from the root canal system as completely as possible before obturation. With 
successful antisepsis, clinicians can better appraise the expected prognosis of endodontic 
treatment. However, due to the technical difficulty of completely eliminating bacteria from 
the root canals, if bacterial control is not satisfied, the secondary remedy should involve the 
use of homogeneously and densely sealed root filling material to prevent residual bacterial 
moving through the canals. Second, when performing endodontic treatment on teeth without 
pre-operative AP, it would still be ideal to achieve a better density of root filling in the canal. 
However, how far the root filling material is away from the root apex might not matter, 
especially when the canal is clean and free of bacteria. If the latter finding is further 
confirmed, it could be good news for endodontists who have been bothered by how to 
determine the position of the apical seal with certainty, because a precise assessment of 
where the filling material should terminate within the satisfactory range of 2 mm from the 
radiographic apex is difficult (Smith et al., 1993). 
 CHAPTER VI.   STUDY TWO: FACTORS ASSOCIATED 
WITH TIME TO TOOTH LOSS 
 
1.  Study Design 
 
In Study Two, all the teeth present at baseline , regardless of whether or not they 
had endodontic treatment or periapical lesions , were included in the analysis. The goal 
was to estimate a tooth’s survival probability over a 30-year span. For all these teeth, we 
started from the cycle when the tooth first entered the study (i.e., the baseline cycle), and 
followed them until the cycle when the tooth was gone or when the study ended (i.e., the year 
2002), whichever came first. The follow-up period varied from tooth to tooth (Diagram 3).  
   
Diagram 3.   Flowchart for Study Two 
 
 
 
 
2.  Study Variables 
 
Variables used in Study Two include the outcome and potential predictors (Table 17). 
1. Outcome : Time to tooth loss 
The baseline cycle (the 
cycle when the tooth 
first entered the study) 
The cycle when the tooth was 
gone or the end of the follow-up 
(the year 2002) 
until 
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(1) Tells the survival time a tooth contributed and whether or not tooth loss occurred.  
(2) Consists of a pair of variables (X, d):  
X is “observed time”, a continuous variable, always >=0, representing time in years to either 
an event (tooth loss), or a censoring. X = min (T, C), where T = potential failure time, C = 
potential censoring time. 
d is an indicator variable, coded as follows: d = 1, if tooth lost; d = 0, if tooth censored, i.e., 
study ended, subject lost to follow-up, or subject withdrawn. 
2. Potential Predictors: 
All the variables except for post-operative AP described in Study One were also used in 
Study Two. Due to different purposes of the two studies, it should be noted that (1) 
“extension” and “density” were no longer the main effects of interest in Study Two, they 
were just potential predictors like all the other variables, (2) five new categories of variable 
were analyzed in Study Two but not in Study One: “Coronal caries” (tooth-level), “Number 
of proximal contacts” (tooth-level), “Periodontal status” (tooth-level), “Number of teeth at 
baseline” (person-level), and “Oral hygiene behaviors” (person-level), and (3) “Crown” and 
“age” were collected at the index cycle for Study One but baseline for Study Two. 
3.  Conceptual Model 
 
For Study Two, we proposed a predictive model. The proposed model includes the 
outcome (time to tooth loss) and all potential predictors described above. It should be noted 
that Study Two consisted of all the teeth present at baseline (including both RCF teeth and 
non-RCF teeth) and the purpose of Study Two was to determine predictors for tooth loss, and 
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not to conduct a analysis of loss of RCF teeth. There are three reasons. First, previous 
research largely has addressed risk factors for either overall tooth loss without considerations 
of endodontic involvement, or loss of RCF teeth only. It would be interesting to evaluate the 
effect of endodontic involvement as simply another potential risk factor for overall tooth loss. 
Second, if the aim of the study was to examine loss of RCF teeth only, ideally, the time 
origin in survival analysis should be the exact date of RCT. However, this information was 
not available in our historical database. An approximation method would compromise the 
validity of parameter estimates in this time-to-event analysis. Third, the total percentage of 
RCT in the current sample is small (5.9%), so a study focused on RCF teeth only will 
unnecessarily discard valuable information of many non-RCF teeth and result in inefficient 
estimates.   
4.  Analytic Strategy 
4.1.  Data Management 
4.1.1.  Time to Tooth Loss 
 
For a particular tooth, the observed time for an event or censoring was calculated in 
years from the time origin (i.e., the date of examination at baseline) to the date of tooth loss 
or the last date of examination. The actual date of tooth loss was approximated as the 
midpoint between the date of the last examination when the tooth was still present and the 
date of the examination when the tooth was first diagnosed missing (Cheung and Chan, 
2003).  
4.1.2.  Endodontic Involvement 
 
  70
To assess its role in time to tooth loss, endodontic involvement was assessed by using 
two categorical variables: (1) “RCT status”, i.e., whether or not the tooth had endodontic 
treatment, and (2) “AP status”, i.e.,  whether or not the tooth had apical periodontitis and the 
size of the lesion, no matter whether it was pre-operative AP or post-operative AP. These two 
variables were both collected from radiographic examinations as described in Chapter IV. 
“RCT status” was recorded as “yes” or “no”, whereas “AP status” was categorized into 3 
levels based on the size of periapical lesion: 0 mm (i.e., no AP), 1-3 mm, and 4 + mm. Teeth 
with a widened periodontal ligament space were grouped into the “1-3 mm” category. The 
indeterminate measurements were considered to be no AP. Since both “RCT status” and “AP 
status” were recorded for each cycle throughout the entire follow-up period, they could take 
different values at different cycles for every tooth, i.e., their values are dependent on time, so 
they were both treated as time-dependent covariates (TDC) in the analysis. For “RCT 
status”: if a tooth had no RCT detected at baseline, it could take “yes” or “no” at any cycle 
after baseline; once a tooth had RCT detected at baseline, it would remain “yes” throughout 
the follow-up until it was missing or the study ended. For “AP status”: no matter whether or 
not a tooth had AP at baseline, the value for “AP status” could vary within 3 levels at any 
cycle during the follow-up, e.g., an existing AP could disappear or deteriorate, or a new AP 
could develop.   
4.1.3.  RCT-specific Variables 
 
Some treatment related variables (i.e., RCT-specific variables) were not used in the 
analyses due to too few events in one category, such as perforation, separated instruments, 
unfilled canals, unfilled roots, too little filling at apex, post orientation and open access. Only 
extension, density, type of filling material, number of posts, and year of RCT were left for 
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analyses. They were defined only for those teeth that received RCT but were undefined for 
those teeth without RCT. So they were basically one type of TDC (Kleinbaum, 1995; 
Allison, 1995): before teeth had RCT, they took a value of 0; once teeth had RCT, these 
variables took the values measured at the cycle of RCT first detected and remained that value 
for the rest of the follow-up period. Note that for some teeth, RCT started but never was 
completed. Teeth with incomplete RCT have been shown to have poorer survival than teeth 
with completed RCT (Caplan and White, 2001). Because we wanted to assess whether 
incomplete RCT would have an impact on tooth loss, we defined these teeth separately using 
a new variable “Completion of treatment (incomplete, complete)”. Among all RCT-specific 
variables, “number of posts” and “year of RCT” would take meaningful values for all 
endodontically treated teeth no matter if the treatment was complete or not. However, RCT 
quality variables such as “extension”, “density” and “type of filling material” would only 
take values for teeth that had complete RCT (Diagram 4). Similar to the variable “year of 
RCT” in Study One, we chose the midpoint between the cycle when RCT was detected and 
the previous cycle for “year of RCT” in Study Two.  
Diagram 4.   Demonstration of RCT-specific Variables 
 
RCT = No                                                           RCT = Yes 
 
 
 
RCT-specific variables: 
Ti = Time of RCT 
t 
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4.1.4.  Fixed Variables 
 
Other variables such as demographic factors, systemic conditions, oral hygiene 
behaviors and periodontal status were collected at regular intervals during the VADLS, so 
they might be eligible to be treated as TDC as well. However, the programming necessary for 
creating and manipulating too many TDC can often be complex and confusing. Moreover, 
running these variables can become overwhelming and time-consuming for currently 
available statistical software (Allison, 1995). As such, we used their values at baseline only 
and treated them like the fixed covariates. For instance, “age” was defined as “age at baseline 
in years from birth to study registration” for all teeth in the data. 
To better illustrate their effects on tooth loss, fixed variables were classified into two 
levels: tooth-level and person-level. Tooth-level covariates include crown, tooth type, 
number of proximal contacts, coronal caries and periodontal status. Person-level covariates 
include number of teeth at baseline, demographic factors, systemic conditions and oral 
hygiene behaviors.    
There were three continuous variables in the original data: number of teeth at baseline, 
age and BMI. The first two were kept as continuous variables due to the lack of a standard 
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and meaningful cut-off point. BMI was grouped into three levels6: healthy weight for adults 
was defined as a BMI of 18.5 to less than 25 kg/m2; overweight, as greater than or equal to a 
BMI of 25; and obesity, as greater than or equal to a BMI of 30. 
4.1.5.  Data Structure 
 
The counting process style of input was used to identify data for each tooth. 
Specifically, the data for each tooth can be represented by multiple observations, each 
identifying a semi-closed time interval (t1, t2] between two consecutive cycles, the values of 
the explanatory variables over that interval, and the event status at t2. The tooth remains at 
risk during the interval (t1, t2], and an event may occur at t2. Values of the fixed explanatory 
variables for the tooth remain unchanged in all the intervals. Values of the time-dependent 
variables at t1 are assumed constant in that interval, and the change to new values will be 
assumed to take place immediately after t2 and remain constant in the next interval (Collett, 
2003). 
For example, suppose a tooth was followed from baseline to cycle 5 and was missing at 
cycle 5. The independent variables are “AP status”, “RCT status”, and fixed covariates, e.g., 
“age at baseline”. The variable “Event” is a censoring variable indicating whether a tooth 
loss has occurred at t2; a value of 1 indicates a tooth loss, and a value of 0 indicates no tooth 
loss. The data for this tooth are represented by the following four observations:  
t1 t2 Event AP status RCT status  Fixed covariates e.g., age at baseline  
Cycle 1 Cycle 2 0 0 No 55 yrs 
Cycle 2 Cycle 3 0 1-2 mm No 55 yrs 
Cycle 3 Cycle 4 0 3 mm Yes 55 yrs 
Cycle 4 Cycle 5 1 1-2 mm Yes 55 yrs 
                                                 
6National Center for Health Statistics (http://www.cdc.gov/nchs/datawh/nchsdefs/bmi.htm) 
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4.2.  Data Analysis 
 
The unit of analysis was the tooth. Statistical analyses were performed in three parts: (1) 
univariate description of the data using frequencies and percentages; (2) estimation of 
survival probabilities using the Kaplan-Meier method, tests of differences among subgroups 
of each covariate by log-rank test, bivariate associations between each potential predictor and 
tooth loss; and (3) multivariate marginal proportional hazards model for correlated survival 
data to evaluate joint associations of survival time with various factors. Hazard ratio (HR) 
estimates were calculated for predictors related to the outcome. 
Before multivariate modeling, Martingale residuals were plotted for continuous 
variables to check their correct functional forms that should be used in the model. For 
categorical variables, likelihood ratio tests helped to decide if a linear term or several dummy 
terms were more appropriate. If a continuous variable was used, its polynomial term was also 
tested in the model.  
The model selection strategy depended on the purpose of the study. In Study One, 
extension and density of endodontic treatment were the variables of primary interest, and the 
aim of the modeling process was to evaluate the effect of these two variables on post-
operative AP and how other variables would modify their effects. Therefore, extension and 
density were retained in the models during the assessment of potential interaction and 
confounders. In Study Two, information on a number of variables was obtained from the 
original data, and the aim was to determine which of them had an effect on the hazard 
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function of tooth loss. Therefore, all potential predictors were put into the full model7 
regardless of their P-values in the bivariate analysis. Starting by eliminating variables with 
the largest P-values, backward selection was used to identify the significant predictors. A 
TEST statement in the less restricted model was used in model comparisons, Wald chi-square 
statistics adjusted for correlation were calculated, and only those variables with P-values 
<0.05 were retained in the final model (Allison, 1995). No interaction term was tested. 
Once a model was fitted, the fit of the model was studied to: (1) make sure the correct 
functional form of the explanatory variables had been used; (2) check the assumption of 
proportional hazards (PH) for each significant variable, to see if the hazard of tooth loss at 
any given time for teeth in one subgroup (e.g., molar) was proportional to the hazard at that 
time for teeth in the other subgroup (e.g., anterior teeth). If the assumption was not met, 
additional TDC might have been needed in the model (Collett, 2003).  
To better evaluate the role of endodontic involvement in tooth loss, after achieving the 
final model, survival curves were generated to describe the estimated survival functions for 
the overall sample and each subgroup of the six combinations at any given time, after 
adjusting for the means of other covariates, i.e., (1) teeth with RCT and AP size of 4+ mm; 
(2) teeth with RCT and AP size of 1-3 mm; (3) teeth with RCT but no AP; (4) teeth without 
RCT but with AP size of 4+ mm; (5) teeth without RCT but with AP size of 1-3 mm; and (6) 
teeth without RCT or AP.   
                                                 
7The full model can be expressed as: 
hx (t) = h0 (t)*exp [ß1 (RCT (t)) + ß2 (AP(t)) + ß3 (Number of posts (t)) + ß4 (Year of RCT(t)) + ß5 (Completion 
of RCT (t)) + ß6 (extension (t)) + ß7 (density(t))+ ß8 (Type of filling material (t)) + ßs (Fixed variables)], where 
h0 (t) is the common baseline hazard when all covariates = 0. 
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All statistical tests were performed as two-tailed and the significance level was set at 
0.05. SAS version 9.1 (Cary, NC) was used for all analyses. 
4.3.  Statistical Approach for Correlated Data 
 
Survival analysis was the approach for Study Two. Conventional statistical methods 
(such as logistic regression and linear regression) cannot handle two common features 
existing in survival data: censoring and TDC (Allison, 1995). Rather than simply discarding 
all the information on a censored tooth, survival analysis used all the information on a 
censored tooth up to the time we lost track of it. Among all the potential predictors, some of 
the variables remained constant over the follow-up interval (i.e., fixed variables), whereas 
others could change at any time during that period (i.e., RCT status, AP status, RCT-specific 
variables). These TDC can be incorporated with the partial likelihood methods adopted in 
survival analysis.  
Time to loss of teeth within the same person are correlated, but the correlation among 
teeth within each person is a nuisance since our real interest is in evaluating the effect of 
potential predictors on tooth loss. Thus we worked with the marginal proportional hazards 
model proposed by Lee, Wei and Amato (1992). This Cox-type regression model for 
correlated survival data estimates the regression parameters by the maximum partial 
likelihood estimates under an independent working assumption, and a robust sandwich 
covariance matrix estimate is used to account for intra-cluster dependence. There is no 
biological reason to suggest that the correlations between teeth would vary within the same 
person, we assumed a common baseline hazard function for failure times of different teeth 
(Lee et al., 1992).  
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By using the PROC PHREG procedure, we – 
1. First fit the marginal proportional hazards model, ignoring the possible correlation among 
teeth within the same person. 
2. Then specified the COVS (AGGREGATE) option in PROC PHREG to compute the robust 
sandwich covariance matrix estimate to replace the naïve variance.  
5.  Study Results 
5.1.  Sample Size  
 
Among all 27296 teeth or tooth spaces in the original data, 6924 teeth (25.4%) were 
already missing at baseline. Of the 20372 (74.6%) teeth that were present at baseline, we 
excluded (1) 208 teeth that were either impacted or root tips; (2) 343 teeth from 15 persons 
who did not have their baseline examinations at cycle 1; (3) 84 teeth that had incomplete 
periodontal data; and (4) 939 teeth from subjects who attended only the baseline visit. So the 
final sample size of Study Two is 18798 teeth, all of which were present at baseline, i.e., 
between February 12, 1969 and February 27, 1973. The observation time, as defined by the 
period between baseline and the date of tooth loss or study completion, ranged from 0.95 
years to 33.02 years, with a mean of 20.31 years. These 18798 teeth were contributed by 791 
different persons (Diagram 5).  
  78
Diagram 5.   Sample Size of Study Two 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N=27296 tooth spaces 
Teeth present at baseline (n=20372) 
N=20164 teeth 
Teeth already missing 
at baseline (n=6924) 
Teeth that were impacted or 
root tips (n=208)  
1.Teeth that had their baseline 
at cycle2 (n=188) 
2. Teeth that had their baseline 
at cycle 3 (n=155) 
Teeth that had their baseline at cycle 1 
(n=19821 teeth) 
Teeth that had incomplete 
periodontal data (n=84) 
N=19737 teeth 
Teeth from subjects who 
attended only the baseline visit 
(n=939) 
Final sample size (n=18798 teeth) 
Tooth loss (n=2589 teeth) Censored (n=16209 teeth) 
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5.2.  Univariate Analysis 
 
Of 18798 teeth, 2589 teeth (13.8%, from 541 persons) were lost before the study ended, 
while 16209 teeth (86.2%) were censored at the end of follow-up. Table 18 presents the 
incidence of tooth loss at each cycle. The median survival time of the total 18798 teeth was 
23.23 years. Univariate distributions for each fixed potential predictor at baseline are shown 
in Table 19. At baseline, cross-tabulation of endodontic involvement revealed that (Table 
20): (1) the majority of teeth had neither RCT nor AP: 18421 teeth (98.0%); (2) only 293 
teeth (1.6%) had RCT at baseline, with 240 of them having no AP, 32 of them having AP 
lesions of 1-3 mm, and 21 of them having AP lesions of 4 + mm; (3) 32 teeth with AP lesions 
of 1-3 mm and 52 teeth with AP lesions of 4+ mm had not received RCT. Additional analysis 
found that, among 18505 teeth that had no RCT at baseline, 814 (4.4%) received RCT at 
some time during follow-up, while 17691 never received RCT through the end of follow-up 
(as follows). 
Endodontic involvement T = Baseline (teeth) T > Baseline (teeth) 
Yes (293) Yes (293) 
Yes (814) 
RCT status (t) 
No (18505) 
No (17691) 
Yes (137) Yes or no AP status (t) 
No (18661) Yes or no 
 
During over 30 years’ follow-up, a total of 1107 teeth (5.9%, from 441 persons) 
received RCT out of 18798 (Table 21). Almost half of these teeth (49.3%) had RCT done 
before 1980, and 45.7% had >= 1 post. Only 55 (5.0%) teeth had RCT started but never 
finished. Among the 1043 teeth with completed endodontic treatment, ideal density and 
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flush-filed extension were observed in 365 teeth (35.0%), while 667 teeth (64.0%) had 
unsatisfactory RCT quality. Most RCF teeth (86.5%) were filled with Gutta-percha only. 
5.3.  Bivariate Analysis 
 
Cox-type regression models with each potential predictor individually were performed 
to evaluate their bivariate associations with time to tooth loss (Table 22 through 24).  
Among the fixed prognostic factors, significantly increased hazard ratios were observed 
for all subgroups except: (1) interproximal plaque with continuation on buccal or lingual 
surface, (2) Black participants, (3) former smokers, (4) diabetes, (5) hypertension, (6) BMI of 
25-<30 kg/m2, (7) brushing twice a day or more, and (8) any gum treatment (P>0.05) (Table 
22).  
At any given time, the hazard of loss for a tooth that had already received RCT was 3.75 
times the hazard for a tooth that had not yet received RCT (may receive one later) by that 
time. Compared to the hazard of loss for a tooth that had no AP lesion at any given time, the 
hazard for a tooth that had 4+ mm AP or 1-3 mm AP lesion was approximately 15 times and 
10 times, respectively. With adjustment for AP status, at any given time, the hazard for a 
tooth that had received RCT was 1.84 times the hazard for a tooth that had not yet received 
RCT by that time (Table 23).  
RCT-specific variables only have an effect on time to tooth loss among teeth that had 
received RCT, so bivariate analysis for these variables was restricted to teeth with RCT. Only 
teeth with incomplete RCT were found to have a significantly higher hazard of tooth loss 
(P=0.007, HR=2.03), when compared to teeth with complete RCT. No other RCT-specific 
variables were significant predictors of tooth loss (Table 24).   
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5.4.  Multivariate Analysis 
 
Martingale residuals (results not shown here) revealed that, for age at baseline, a linear 
term was needed in the model, but a polynomial term was not necessary; for number of teeth 
at baseline, a transformation of the variable was needed. To avoid high collinearity between 
the original continuous variable and its polynomial term, we subtracted from the original 
variable its sample mean, and the newly defined centered variable and the polynomial terms 
of the centered variable were tested together again in the same model (Kleinbaum et al., 
1998). Results showed that both the centered variable and its polynomial terms were needed 
in the model. For categorical variables, likelihood ratio tests revealed that, except for alveolar 
bone loss and BMI, the dummy terms were more appropriate than the linear terms for putting 
into the model.    
Marginal proportional hazards models demonstrated that both RCT status and AP status 
remained as independent, significant predictors for time to tooth loss, with adjustment for (1) 
8 significant tooth-level predictors: tooth type, number of proximal contacts, coronal caries, 
alveolar bone loss, gingival bleeding, mobility, plaque score, probing pocket depth; and (2) 4 
significant person-level predictors: number of teeth at baseline, age, education, smoking 
history (Table 25). At any given time, after adjusting for the above predictors in the final 
model, the hazard of loss for a tooth that had already received RCT was 1.39 times (95% CI: 
1.10, 1.74) that of a tooth without RCT by that time; when compared to the hazard of loss for 
a tooth that had no AP at any given time, the hazard for a tooth with an AP lesion of 4+ mm 
or 1-3 mm was 6.95 times (95% CI: 5.44, 8.88) and 4.11 times (95% CI: 2.80, 6.03), 
respectively.  
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A significantly higher hazard of tooth loss was also observed among molars, teeth with 
fewer proximal contacts and teeth with coronal caries. All periodontal status variables under 
investigation were significantly associated with hazard of tooth loss: (1) teeth with more 
alveolar bone loss, gingival bleeding, mobility and deeper probing pocket depth had 
significantly higher hazards of tooth loss (P<0.0001); (2) however, with regard to plaque 
score, only teeth with an intermediate level of plaque showed a significantly lower hazard of 
tooth loss compared to teeth with no plaque, whereas neither maximum nor minimum plaque 
score was significantly associated with the hazard of tooth loss (P>0.05). Finally, subjects 
with fewer teeth at baseline, older age, lower level of education, and current smoking history 
had higher hazards of tooth loss. 
None of the tested oral hygiene behaviors or RCT-specific variables was a significant 
predictor for time to tooth loss, and higher-order polynomials of the continuous variables also 
failed to produce a significant effect.   
5.5.  Model Checking 
  
Plots of log (-log (survival)) vs. time for each categorical variable (Appendix I) showed 
that, the curves for each subgroup are parallel and hence the PH assumptions were met for all 
categorical variables. Plots of the Schoenfeld residuals for both continuous variables 
(Appendix II) were randomly scattered around zero, indicating that the assumption of 
proportionality was satisfied for both continuous covariates in the final model. Based on this 
information, except for RCT status and AP status, no more TDC were needed in the final 
model.    
5.6.  Survival Curves 
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The crude survival function (Figure 4) seemed to be linearly related to time, which 
implied that the incidence rate of tooth loss remained constant over time. Overall, at any 
given time, teeth that had received RCT had a substantially worse survival than teeth that had 
not yet received RCT by that time (Figure 5). Further, stratified survival functions (Figure 6) 
revealed that, after adjusting for the means of other 12 covariates in the final model, at any 
given time t, (1) for teeth that had no AP yet by t, those that had received RCT had a 
substantially worse survival than those that had not received RCT; (2) however, for teeth that 
had AP by t, those RCF teeth had better survival than non-RCF teeth. Overall, at any given 
time, teeth with greater size of AP had substantially worse survival than teeth with smaller 
lesions or no AP (Figure 7). Further, stratified survival functions (Figure 8) revealed that, 
after adjusting for the means of other 12 covariates in the final model, no matter whether 
teeth had or had not received RCT by any given time, teeth without AP always had a 
substantially better survival than teeth with AP, but the survival differences between teeth 
with and without AP was much greater for non-RCF teeth than for RCF teeth.  
6.  Discussion 
 
The multivariate marginal proportional hazards model revealed that significant 
predictors of tooth loss included: (1) endodontic involvement: presence of RCT, presence 
and size of AP; (2) tooth-level predictors: tooth type, number of proximal contacts, presence 
of coronal caries, periodontal status; and (3) person-level predictors: number of teeth at 
baseline, age, education level, and smoking history. Our finding confirms that tooth loss is a 
complex process involving both tooth-specific and person-level covariates (Caplan and 
Weintraub, 1997). 
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6.1.  Endodontic Involvement (TDC) 
 
With adjustment for periodontal status and caries, endodontic involvement remained a 
significant predictor of tooth loss. Specifically, RCF teeth had overall worse survival than 
non-RCF teeth. RCF teeth have been reported to be lost more readily than non-RCF teeth 
(Eckerbom et al., 1992; Jaoui et al., 1995; Caplan et al., 2005), but none of these studies 
differentiated between AP and non-AP status of RCF teeth. As previously mentioned, RCT 
can be performed on teeth without AP. For instance, some RCT are performed to relieve 
irreversibly inflamed pulp tissue to prevent the occurrence of AP, while others are conducted 
for prosthetic reasons on teeth with normal, vital pulp, or on traumatized teeth. Simply 
knowing that RCT could worsen tooth longevity may encourage patients to postpone 
treatment or seek extraction. In order to achieve better judgment in treatment decision-
making, it is worthwhile to distinguish between the survival of RCF teeth with AP and RCF 
teeth without AP.  
Stratified results showed that, for teeth without AP, RCF teeth had worse survival than 
non-RCF teeth. Since teeth without AP could have healthy or infected pulps, we offer two 
possible explanations for this result. First, it is likely that those non-RCF teeth had healthy 
pulps, while RCF teeth had inflamed pulps, and such a compromised pulpal condition would 
put RCF teeth automatically into a higher hazard of loss compared to non-RCF teeth with 
normal pulps. Second, it is also possible that both non-RCF teeth and RCF teeth had 
inflamed pulps but the inflammation was still restricted within the pulp chamber and had not 
spread into periapical tissue. In this situation, the instrumentation and enlargement of the root 
canal and other mechanical stimuli during RCT may facilitate inter-canal transportation of 
microorganisms and push them periapically to form a new AP lesion, thus RCT would not 
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necessarily benefit the future survival of teeth under such condition. Our current data did not 
have variables indicative of teeth’s pulpal status, thus we were unable to test either 
hypothesis. On the other hand, for teeth with AP, RCF teeth had better survival than non-
RCF teeth. This result confirms that RCT on teeth with inflamed periapical tissues can help 
prolong the survival of such teeth (Lazarski et al., 2001). Due to relatively more events in 
non-AP teeth than in AP teeth in the current sample, the pooled estimate of the RCT effect on 
tooth loss was influenced more heavily by non-AP teeth.       
Our study also confirms that teeth with AP had worse survival than teeth without AP 
(Eckerbom et al., 1992; Chugal et al., 2001). Survival curves are further apart in non-RCF 
teeth than RCF teeth. The major reasons for this difference are 1) non-treated non-AP teeth 
had relatively better survival than treated non-AP teeth, and (2) non-treated AP teeth had 
relatively worse survival compared to treated AP teeth. These results are consistent with that 
stated in the preceding paragraph. 
It should be noted that the present study was not specifically designed to evaluate 
whether or not endodontic treatment could improve the survival of teeth with AP. An ideal 
study design to answer such a question would be a randomized controlled trial, in which a 
group of teeth with AP are randomized to a RCT group and a non-RCT group, and survival 
status of the two groups is compared. However, such a study design is unreasonable, 
considering that RCT is normally recommended to treat most teeth that are diagnosed with 
AP. Further, the present study design did not permit direct assessment of the interaction 
between AP and RCT, because both were treated as TDC and no main exposure of primary 
interest was presumed in this predictive model. Our results as to the interplay between RCT 
and AP might provide a preliminary insight of the role of endodontic involvement in tooth 
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loss, but it can only be considered as suggestive and no firm conclusions can be drawn. 
Further investigation is needed to better explore the interplay of RCT and AP on tooth loss.  
6.2.  Tooth-level Fixed Covariates 
 
Our results found that molars were at greater risk of loss than anterior teeth and 
premolars, which agrees with previous studies addressing tooth loss in all teeth (Eckerbom et 
al., 1992; Marcus et al., 1996; Hujoel et al., 1998) and specifically in RCF teeth (Cheung et 
al., 2001; Caplan et al., 2002; Cheung and Chan, 2003). Due to their complex anatomy and 
compromised accessibility, molars might be more difficult to clean and thus develop caries 
more often. Subsequent periodontal and endodontic problems in molars are more difficult to 
treat as well. Molars might be extracted more frequently, especially when non-functional or 
in a non-aesthetic area. On the other hand, premolars and anterior teeth usually possess a 
relatively simpler morphology, and thus likely have a greater chance of surviving.  
Our results confirm previous findings of associations between proximal contacts and 
tooth loss in RCF teeth (Caplan and Weintraub, 1997; Caplan et al., 2002) and extend these 
results to non-RCF teeth. In addition, we have shown that teeth with zero proximal contact 
also had a greater risk of loss than teeth with one proximal contact. It has been speculated 
that adjacent teeth could help distribute occlusive forces over a wider span, thus reducing the 
load borne by any individual tooth; additionally, teeth next to edentulous spaces are more 
likely to serve as abutments for partial dentures, and these would produce additional 
mechanical stress (Caplan and Weintraub, 1997). The adjusted hazard ratio for number of 
proximal contacts in our study is less than that reported before. This may be because previous 
studies used number of proximal contacts at the start of RCT whereas we used number of 
proximal contacts at baseline.  
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Alveolar bone loss, gingival bleeding, tooth mobility, and probing pocket depth >3 mm 
were all found to be significantly associated with an increased hazard of tooth loss, and so 
was coronal caries. These results confirm the important role of both periodontal disease and 
caries in tooth loss (Chauncey et al., 1989; Eckerbom et al., 1992; Phipps et al., 1995). With 
regard to plaque levels, compared to the reference group (teeth without plaque), teeth with an 
intermediate level of plaque was the only group with a significantly lower risk of loss, neither 
the highest nor lowest plaque groups showed any statistically significant difference from the 
reference group. Additional analyses revealed that, if the two highest levels of plaque were 
collapsed, the resulting plaque level was slightly significantly associated with a lower risk of 
tooth loss (HR=0.80, P=0.039). This inconsistent effect of plaque is not surprising given the 
lack of consistent epidemiological evidence on the role of plaque in the etiology of chronic 
periodontitis and tooth loss (Beck et al., 1990; Prayitno et al., 1993; Holm, 1994), our results 
seem to agree that plaque score may not be taken as a reliable predictor of future tooth loss.   
6.3.  Person-level Fixed Covariates 
 
Previous tooth loss has been shown to predict future tooth loss (Burt et al., 1990; 
Eklund and Burt, 1994; Caplan and Weintraub, 1997; Gilbert et al., 1999), and our results 
about number of teeth at baseline are consistent with this statement.  
Our analysis is also consistent with other studies in that older age, lower education level 
and current smoking history were all associated with a higher hazard of tooth loss (Eklund 
and Burt, 1994; Holm, 1994; Caplan and Weintraub, 1997; Gilbert et al., 1999; Krall et al., 
1999; Leung et al., 2006). The magnitude of the influence of age is relatively small in our 
study. This may be due to our use of age as a continuous variable in the analysis. It is also 
possible that age is usually correlated with periodontal status - although inclusion of 
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periodontal variables in our analysis does not keep age from remaining in the model, it could 
somewhat mask the effect of age. Participants with a lower education level might place less 
value on maintaining their dental hygiene and saving their teeth or have more financial 
limitations than others with higher education. Finally, smoking has been shown to relate to 
gingivitis, periodontitis, and loss of tooth support (Robertson et al., 1990; Bergstrom, 2004).  
In contrast to periodontal status and caries, none of the tested oral hygiene behaviors 
was found to have a significant effect on tooth loss. Oral hygiene behaviors were collected 
from questionnaires and were perhaps more subject to measurement error due to self-
reporting, which could bias the tested relationship toward the null. Since oral hygiene 
behaviors are usually correlated with dental caries - the inclusion of dental caries in the 
model may keep oral hygiene from remaining in the model. Further, randomized controlled 
trials have shown that improved personal hygiene did not significantly decrease alveolar 
bone loss (Albandar et al., 1995), reduce tooth loss rate (Hujoel et al., 1997), or control 
attachment loss (Lightner et al., 1971). Although current cross-sectional evidence on the 
effect of oral hygiene in tooth loss can still be found (Al-Shammari et al., 2005; 
Vysniauskaite et al., 2005), the absence of a significant effect of personal oral hygiene on 
tooth loss observed in our study and others raises the possibility that improved personal oral 
hygiene and concomitant better plaque control may not be related to a decreased risk of tooth 
loss.  
There were additional variables not significantly associated with hazard of tooth loss in 
multivariate analysis. The presence of a crown did not remain as a significant predictor, 
which agrees with a previous report (Eckerbom et al., 1992) but contradicts other studies that 
suggested RCF teeth with crown restorations survived longer than those without (Lazarski et 
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al., 2001; Aquilino and Caplan, 2002; Cheung and Chan, 2003). In our study, the relatively 
small number of events in the crowned group may have led to a poor statistical power to 
detect significant differences. Neither RCT quality nor other tested RCT-specific variables 
were significantly associated with tooth survival in the multivariate model. There are two 
possible explanations for this: First, the effect of tooth-level RCT-specific variables might be 
more prominent if the sample only consisted of RCF teeth, since their effect could have been 
masked by person-level covariates in a pooled sample of RCF and non-RCF teeth. Second, in 
the current study population, the percentage of teeth that had ever received RCT was small 
(5.9%), so the number of RCT-specific variables may not be big enough to produce 
significant results, especially if their effect is small. 
 In summary, the following conclusions may be drawn: First, in addition to 
periodontal disease and caries, endodontic involvement, including AP and RCT, also plays 
an important role in tooth loss. Compared to the first two widely recognized precursors of 
tooth loss, the last situation has not received enough attention and deserves further 
investigation. Second, although this study is hypothesis-generating and needs to be further 
validated, our results suggest a possible interplay between AP status and endodontic 
treatment in the association between endodontic involvement and tooth loss. To our 
knowledge, the present study is the first to compare survival of RCF and non-RCF teeth 
stratified by AP status. More longitudinal studies would be desirable to further test this 
hypothesis. If further confirmed, this finding may have clinical implications: Expected 
longevity of RCF teeth should be judged based on individual case by taking teeth’s periapical 
conditions into full account. Third, fewer proximal contacts is associated with higher risk of 
tooth loss, regardless of whether or not the tooth has endodontic disease or treatment. Fourth, 
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traditional indicators of oral hygiene and plaque level may not be as important as other 
factors in predicting time to tooth loss.  
 CHAPTER VII.   CONCLUSIONS 
 
1.  Comparisons between Study One and Study Two 
 
Differences in study design between Study One and Study Two are summarized in 
Table 26. In conclusion, we highlight some important findings and their potential clinical 
implications as follows.   
For post-operative AP outcome, the most significant risk factor is the presence of pre-
operative AP. Next, defective density of root filling is associated with an increased risk of 
post-operative AP, and its effect is slightly greater with the presence of pre-operative AP. 
Extension is not found to be significantly associated with post-operative AP. None of the 
other tooth-specific and person-level covariates show significant relationships with post-
operative AP. When applying to clinic, means that enhance elimination of intracanal 
infection should be the focus of clinical treatment. RCT with satisfactory density and 
extension may be an important component of good treatment, but it should be viewed as a 
supplement to the antimicrobial strategy. In particular, when performing RCT on teeth with 
pre-operative AP, it is crucial to eliminate bacteria from root canals as much as possible and 
achieve a homogeneously sealed filling. When performing RCT on teeth without pre-
operative AP, a better density of root filling is still desirable. In contrast, extension may not 
be so crucial for the prognosis of treated teeth. 
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For tooth loss, on the contrary, none of the RCT quality variables has been shown to be 
a significant predictor, whereas person-level demographic and systemic factors are associated 
with tooth loss. In addition to established predictors for tooth loss, periapical lesions and 
endodontic treatment are also significantly associated with the risk of tooth loss. For teeth 
without AP, RCF teeth had worse survival than non-RCF teeth; while for teeth with AP, RCT 
would help prolong teeth’s survival. When applying to clinic, first of all, compared to 
periodontal disease and caries, endodontic involvement, including AP and RCT, has not 
received enough attention and deserves further investigation in loss of individual teeth. 
Second, expected longevity of RCF teeth could be better appraised by taking their periapical 
status into consideration. Third, the influence of PCs on tooth loss should be recognized. 
Finally, traditional indicators of oral hygiene and plaque level may not be as important as 
other factors in predicting time to tooth loss. 
In closing, pre-operative AP is by far the most important risk factor for post-operative 
AP, whereas tooth loss is a more complex process involving both tooth-level and person-
level factors.  
2.  Strengths 
 
Compared with research on cariology and periodontology, endodontology has little 
epidemiological data, particularly in Non-European populations. Both AP and tooth loss 
impose physiological and economic burdens to the patients. The present study illustrates how 
an extant longitudinal dataset can be used to address such understudied but important 
questions in an inexpensive way, and may have an impact on future dental practice and 
training.  
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Second, cluster or dependent data are commonly encountered in dental research, but the 
dependence of clustered observations is often ignored in analyses, resulting in invalid 
parameter estimates and inflated type I error (i.e., a true null hypothesis is incorrectly 
rejected) (Chuang et al., 2002). Moreover, TDC can capture the dynamics of endodontic 
involvement during longitudinal studies better than covariates with constant values. The 
present study has utilized these new statistical methodologies and analytical techniques (e.g., 
GEE and marginal proportional hazards model), which will facilitate further explorations of 
new statistical methods in dental science.     
Third, extraction of teeth and the presence of post-operative AP have been often mixed 
together into one single outcome of interest, and analyzed in one study design. Since the 
appearance and dissipation of post-operative AP and the loss of the tooth itself take different 
lengths of time, a too-short observation time might not be enough to capture real prognostic 
factors for tooth loss, whereas a too-long follow-up may not be necessary for post-operative 
AP. Further, some risk factors for tooth loss may not apply to post-operative AP and vice 
versa. The present study evaluates post-operative AP and tooth loss separately in two 
different models. Each model has a distinct observation time, study design, and study 
variables, so that different research questions could be emphasized.  
Finally, all the radiographs were taken by intraoral full mouth series (FMS). Though 
panoramic radiographs have been compared with FMS and found to be sufficient for 
detecting RCT and AP (Molander et al., 1993), FMS is still considered to be the “gold 
standard” in dental radiology. 
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3.  Limitations 
3.1.  Secondary Data 
 
Like all retrospective studies or secondary data analyses, the quality of data depends on 
the availability and completeness of documentation. Data collection was restricted to 
available information from the electronic database, and certain variables that may be related 
to post-operative AP and tooth loss were not available. For instance, no bacterial cultures 
were taken and the bacterial status of the root canal was not determined.   
3.2.  Misclassification 
 
Potential misclassifications exist for several reasons. First, endodontic-related variables 
were assessed based on radiographs only, and digital technologies were not yet available at 
that time. The use of two-dimensional radiographs to represent three-dimensional structures 
is necessarily accompanied by misclassification. For example, tooth roots and periapical 
lesions may be obscured by other anatomical structures, such as the maxillary sinus, roots of 
the adjacent teeth, and maxillary and mandibular tori (Huumonen and Ørstavik, 2002).  
Second, post-operative AP assessment in our study does not include clinical criteria. 
Although post-operative AP is not always associated with clinical symptoms (Friedman, 
2002), radiographic assessment is an uncertain process with wide variations among dentists 
(Reit and Hollender, 1983; Ørstavik et al., 1986). For instance, not all apical radiolucencies 
represent chronic AP, as periapical cysts, foreign body reactions, or scar tissue may be 
responsible in rare instances. The Periapical Index (PAI) Scoring System (Ørstavik et al., 
1986) had not been developed when the follow-up started, even if it had been, the PAI is still 
a subjective index prone to observer variation. In our study, we have tried to minimize these 
misclassifications by calibrating observers and excluding indeterminate radiographs. 
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Third, missing teeth at baseline are normally problematic in oral epidemiological studies 
because no measurements can be made from them, and missing teeth usually are not missing 
at random compared to other teeth -- they are more likely to have more diseases of interest 
prior to being extracted than teeth still present (Beck et al., 1997).   
Fourth, the actual year of RCT and the actual date of tooth loss are unknown. This 
weakness is shared by many prospective study designs. Unless the study population is 
continuously re-examined at short intervals, endodontic treatment and tooth loss normally 
would not be noticed until a next recall dental appointment. Attempts have been made to 
address such interval-censored data in dental science. However, the most appropriate method 
requires thoughtful consideration and further investigation (Cheung and Chan, 2003; Wong 
et al., 2005).   
3.3.  Sample Size 
 
The prevalence of RCT and AP in the original study population is relatively low. For 
instance, in Study One, the total sample size of 609 RCF teeth and the total of 68 teeth with 
post-operative AP limited the number of variables in the full model. Some covariates were 
not assessed in the modeling because they either had too many missing values (e.g., coronal 
caries) or too few events (e.g., separated instruments, unfilled canals, diabetes) to provide 
meaningful point estimates and confidence intervals. In Study Two, the small sample size of 
RCT-specific variables might have limited the power to detect as statistically significant the 
relatively small differences associated with these factors.    
3.4.  Generalization 
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The current study population only consisted of male participants and 3% African-
Americans, who were relatively healthy at baseline. These characteristics suggest that the 
results of this study can only be generalized to other populations with certain restrictions. 
However, the study participants were not patients of the VA system, and they received dental 
and medical care through various private sectors, thus the current study population still 
represents broader anthropomorphic exposures than participants recruited in most previous 
studies through dental schools or dental insurance programs (Eckerbom et al., 1992; Smith et 
al., 1993; Jaoui et al., 1995; Ray and Trope, 1995; Buckley and Spangberg, 1995; Trope et 
al., 1999; Chugal et al., 2001; Cheung, 2002; Chugal et al., 2003; Salehrabi and Rotstein, 
2004; Caplan et al., 2005). 
4.  Future Work 
 
Our detailed analysis of the effect of endodontic involvement on tooth loss has added 
new findings to better understand the survival of both endodontically involved teeth and non-
involved teeth. Future longitudinal research with more attention to the comparisons of RCF 
teeth and non-RCF teeth with the same AP status would help to interpret the real benefit 
associated with RCT in tooth survival.  Moreover, our current data does not possess variables 
indicative of teeth’s pulpal status. Among teeth without AP, a distinction should be made 
between teeth with healthy pulp and teeth with diseased pulp. Future studies are needed to 
collect relevant variables and make this distinction possible.    
In addition, prospective studies with greater sample size for some potentially important 
variables, which were unavailable or unable to be analyzed in the present study, might permit 
the assessment of these variables. 
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Table 1. Epidemiological Studies of Apical Periodontitis and Root Canal Therapy a 
 
Prevalence of AP (%) Prevalence of RCT (%)  
Reference 
 
Country / 
Population 
 
Age 
 
Subjects 
(Teeth) Subject
s with 
³1 
All 
Teeth 
RCF 
Teeth 
Non-
RCF 
Teeth 
Subjects 
with ³1 
All Teeth Inadequ
ate 
RCF 
Buckley 
(1995) 
US / 
Dental 
school 
all 208 
(5272) 
N/R c 4.1 31.3 [3.4] b N/R 5.5 58 
Imfeld 
(1991) 
Switzerland
/ 
Community 
66 143 
(2004) 
N/R 8.5 31.0 [2.8] 78 20.3 64 
Eriksen 
(1991) 
Norway / 
Community 
50 119 
(2940) 
N/R 3.5 44.0 [1.4] 56 [5.9] N/R 
Eriksen 
(1988) 
Norway / 
Community 
35 141 
(3917) 
30 1.4 [25.6] [0.53] 53 3.4 N/R 
Marques 
(1998)  
Portugal / 
Community 
30-39 179 
(4446) 
26 2.0 22.0 [1.7] 22 1.5 54 
Weiger 
(1997) 
Germany / 
Dental 
clinic 
12-89 323 
(7897) 
N/R 3.0 61.0 [1.4] N/R 2.7 86 
Soikkone
n (1995) 
Finland / 
Community 
76,81,
86 
169 
(2355) 
[41] [7.1] [16.7] [4.4] [78] [21.5] [75] 
De Cleen 
(1993) 
Netherland
s /  
Dental 
school 
adults 184 
(4196) 
45 6.0 39.3 5.2 N/R 2.3 51 
Odesjo 
(1990) 
Sweden / 
Community 
20+ 743 
(17430) 
N/R 2.9 24.5 [0.87] N/R 8.6 70 
 
a Adapted from RO1 grant proposal of Caplan (2001). 
b Numbers in brackets were calculated by Caplan. 
c N/R = not reported 
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Table 2. Number (Percent) of VADLS Subjects by Year of Study and Follow-up 
Status  a  
 
a This table is based on a personal communication with Dr. Raul Garcia, Boston University. 
b N/A = not available 
Through 
December 
Alive and 
Active 
 
Dead 
Too Ill to 
Participate 
Dropped 
Out 
1988 1027 (83) 151 (12)   0 (0) 53 (4) 
1990   973 (79) 204 (16) 10 (1) 44 (4) 
1992   916 (74) 234 (19) 23 (2) 58 (5) 
1994   873 (71) 277 (22) 21 (2) 60 (5) 
1996   822 (67) 337 (27) 20 (2) 52 (4) 
1998   776 (63) 378 (31) 21 (2) 56 (4) 
2002 377(?) 489(?) N/A b N/A b 
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Table 3. Inter-examiner Kappa Coefficients for Some Endodontic Variables during 
Calibration  (radiographs for N = 576 teeth) 
 
Endodontic Variable Kappa Coefficient 
Missing Teeth 1.000 
Impacted 1.000 
Root Tip 1.000 
Permanent Crown 1.000 
Periapical Radiolucency (AP) 0.851 
          If yes, within 1mm 1.000 
Endodontic Treatment 1.000 
          If yes, type of treatment 1.000 
Type of Root Filling Material 1.000 
Number of Posts 0.938 
Other Features (open access, perforation, 
post off axis, separate instruments) 
1.000 
Unfilled Canals 1.000 
Unfilled Roots 1.000 
Short Seal 1.000 
Density 0.798 
Any 0-2mm 0.802 
Any >2mm short 0.874 
Extension 
Any overfilled 1.000 
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Table 4. Variables Used in Study One  
 
Variable type 
 
 
Variable Category Source 
Outcome 
 
Post-operative AP Yes, no 
Extension Flush, under, over Main 
Exposures 
(RCT Quality) Density Ideal, acceptable, 
defective 
Effect Modifier  Pre-operative AP Yes, no 
 
Treatment-related 
Complications 
 
Perforation, Separated 
instruments, unfilled 
canals, unfilled roots, 
too little filling at apex  
Type of Filling 
Material 
Gutta-percha, 
silverpoint, both  
Number of Posts >=1, 0 
Post Orientation Off-axis, on-axis 
Open Access Yes, no 
Year of RCT Numerical 
Crown Yes, no 
Tooth Type Anterior, premolar, 
molar 
Radiographic 
examination 
 
 
Demographic Factors Age, income, 
education, race 
Potential 
Confounders 
Systemic Conditions Smoking, diabetes, 
hypertension, BMI 
VADLS data 
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Table 5. Number of RCF Teeth in Study One Contributed by Different Persons  
 
Number of teeth 
contributed per person 
Number of persons (%) Total Number of teeth  
1 153 (53.1) 153  
2 58 (20.1) 116 
3 32 (11.1) 96 
4 18 (6.3) 72 
5 9 (3.1) 45 
6 10 (3.5) 60 
7 3 (1.0) 21 
8 1 (0.4) 8 
9 3 (1.0) 27 
10 0 (0.0) 0 
11 1 (0.4) 11 
Total 288 (100.0) 609  
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Table 6. Univariate Distribution of Post-operative AP and Prognostic Factors (N=609 
endodontically treated teeth)   
 
Variables Level  Frequency Percent (%) 
Yes 68 11.2 Post-operative AP 
(Outcome) No 541 88.8 
UnderOnly 85 14.0 
OverAny 122 20.0 
Extension (Main 
exposure) 
FlushOnly a 402 66.0 
Acceptable 154 25.3 
Defective 158 25.9 
Density (Main 
exposure) 
Ideal a 297 48.8 
Yes 79 13.0 Pre-operative AP 
No a 530 87.0 
Gutta percha only 556 91.3 Type of filling 
material   Silverpoint or both a 53 8.7 
>=1 318 52.2 Number of posts 
0 a 291 47.8 
Off axis 17 2.8 Post orientation 
On axis a 592 97.2 
Year of RCT Continuous  
Range 1971-1998 
Mean 1983 
Median 1984 
609 100.0 
Yes 344 56.5 Crown 
No a 265 43.5 
Premolar 213 35.0 
Molar 184 30.2 
Tooth type 
Anterior a 212 34.8 
Age at access Continuous 
Range 34-86 years  
Mean 61.1 years 
Median 61.0 years 
609 100.0 
> $ 25,000 200 32.8 
$ 25,000 or less a 397 65.2 
Income level  
Missing 12 2.0 
College graduate 191 31.4 
Some college 252 41.4 
Education 
High school or less a 166 27.3 
Current smoker 231 37.9 
Former smoker 201 33.0 
Smoking 
Never smoker a 177 29.1 
Hypertension Yes 79 13.0 
  103
 No a 530 87.0 
Body mass index Continuous 
Missing 
Range 17.3-39.3 
kg/m2 
Mean 25.7 kg/m2 
Median 25.5 kg/m2 
608 
1 
99.8 
0.2 
Categorized continuous variables 
1985 + 270 44.3 Year of RCT  
< 1985 a 339 55.7 
65 + years 213 35.0 
55 -< 65 years 245  40.2 
Age at access  
< 55 years a 151 24.8 
25 + kg/m2 369 60.6 
13-<25 kg/m2 a 239 39.2 
Body mass index 
Missing 1 0.2 
Variables not included in the subsequent analysis b 
Yes 3 0.5 Perforation 
No a 606 99.5 
Yes 7 1.2 Separated 
instruments No a 602 98.8 
Yes 8 1.3 Unfilled canals 
No a 601 98.7 
Yes 10 1.6 Unfilled roots 
No a 599 98.4 
Yes 13 2.1 Too little filling at 
root apex No a 596 97.9 
Yes 3 0.5 Open Access 
No a 606 99.5 
Yes 11 1.8 Diabetes 
No a 598 98.2 
 
a Reference group 
b Due to too few cases in “Yes” category
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Table 7. Bivariate Associations between Post-operative AP and Prognostic Factors among All the Teeth (N=609 
teeth) 
 
Variable Level Post-operative 
AP=yes (%) 
Post-operative 
AP=no (%) 
RR 95% CI P-value 
UnderOnly 12 (14.1) 73 (85.9) 1.2 0.6, 2.4 0.597 
OverAny 19 (15.6) 103 (84.4) 1.8 1.0, 3.3 0.084 
Extension 
(Main 
exposure) FlushOnly a 37 (9.2) 365 (90.8)    
Acceptable 16 (10.4) 138 (89.6) 1.2 0.6, 2.4 0.557 
Defective 26 (16.5) 132 (83.5) 2.1 1.2, 3.8 0.025 b 
Density 
(Main 
exposure) Ideal a 26 (8.8) 271 (91.2)    
Yes 41 (51.9) 38 (48.1) 20.1 11.2, 36.2 <0.0001 b Pre-operative 
AP No a 27 (5.1) 503 (94.9)    
Gutta percha only 61 (11.0) 495 (89.0) 0.8 0.4, 1.9 0.629 Type of filling 
material Silverpoint or botha 7 (13.2) 46 (86.8)    
>=1 35 (11.0) 283 (89.0) 1.0 0.6, 1.6 0.896 Number of 
posts 0 a 33 (11.3) 258 (88.7)    
Off axis 5 (29.4) 12 (70.6) 3.5 1.2, 10.3 0.037 b Post 
orientation On axis a 63 (10.6) 529 (89.4)    
Yes 41 (11.9) 303 (88.1) 1.2 0.7, 2.0 0.500 Crown 
No a 27 (10.2) 238 (89.8)    
Premolar 24 (11.3) 189 (88.7) 1.1 0.6, 2.0 0.768 
Molar 22 (12.0) 162 (88.0) 1.2 0.6, 2.2 0.618 
Tooth type 
Anterior a 22 (10.4) 190 (89.6)    
>$25,000 27 (13.5) 173 (86.5) 1.4 0.9, 2.4 0.182 
$25,000 or less a 39 (9.8) 358 (90.2)    
Income level 
Missing 2 (16.7) 10 (83.3)    
Education College graduate 22 (11.5) 169 (88.5) 0.8 0.4, 1.4 0.409 
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Some college 22 (8.7) 230 (91.3) 0.6 0.3, 1.1 0.070  
High school or less 
a 
24 (14.5) 142 (85.5)    
Current smoker 26 (11.3) 205 (88.7) 0.8 0.5, 1.5 0.483 
Former smoker 18 (9.0) 183 (91.0) 0.6 0.3, 1.2 0.156 
Smoking 
Never smoker a 24 (13.6) 153 (86.4)    
Yes 7 (8.9) 72 (91.1) 0.7 0.3, 1.7 0.473 Hypertension 
No a 61 (11.5) 469 (88.5)    
1985 + 31 (11.5) 239 (88.5) 1.1 0.6, 1.8 0.825 Year of RCT 
(categorized) <1985 a 37 (10.9) 302 (89.1)    
65+ yrs 24 (11.3) 189 (88.7) 0.9 0.5, 1.8 0.848 
55-<65 yrs 26 (10.6) 219 (89.4) 0.9 0.5, 1.7 0.688 
Age at access 
(categorized) 
<55 yrs a 18 (11.9) 133 (88.1)    
25+ kg/mm 37 (10.0) 332 (90.0) 0.7 0.5, 1.2 0.264 
13-<25 kg/mm a 31 (13.0) 208 (87.0)    
Body mass 
index 
(categorized) Missing 0 (0.0) 1 (100.0)    
 
a Reference group 
b Statistically significant at 0.05 level 
  
106 
Table 8. Preliminary Assessment of Potential Interactions:  Stratified Analysis of Main Exposures by Pre-
operative AP  
  
Post-operative AP  Stratification 
Variable 
 Main Exposure 
Yes No 
Stratified RR 
(95%CI) 
Adjusted RR 
(95% CI) 
B-D Test for 
Homogeneity a 
Pre-operative AP 
Yes UnderOnly 6 3 2.0 (0.5, 8.6) 1.8 (0.8, 4.1) 0.889 
No  6 70 1.8 (0.7, 4.5)   
Yes OverAny 12 7 1.8 (0.6, 5.3) 1.6 (0.8, 3.2) 0.765 
No  7 96 1.5 (0.6, 3.6)   
Yes FlushOnly b 23 28    
No 
Extension 
 14 337    
Pre-operative AP 
Yes Acceptable 10 7 1.4 (0.5, 4.2) 1.0 (0.5, 2.0) 0.437 
No  6 131 0.8 (0.3, 2.1)   
Yes Defective 14 12 1.1 (0.4, 2.9) 1.8 (1.0, 3.3) 0.187 c 
No  12 120 2.6 (1.2, 5.6)   
Yes Ideal b 17 19    
No 
Density 
 9 252    
 
a P-value of Breslow-Day Test for homogeneity of the Relative Risk 
b Reference group   
c Statistically significant at 0.20 level 
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Table 9. Preliminary Assessment of Confounders (I): Bivariate Associations between Covariates and Post-
operative AP among Unexposed Teeth a (N=216 teeth) 
 
Variable Level Post-operative 
AP=yes (%) 
Post-operative 
AP=no (%) 
RR 95% CI P-value 
Yes 9 (36.0) 16 (64.0) 14.8 4.9, 45.0 c <0.0001 Pre-operative 
AP No b 7 (3.7) 184 (96.3)    
Gutta percha only 14 (7.3) 179 (92.7) 0.8 0.2, 3.9 0.807 Type of filling 
material Silverpoint or 
bothb 
2 (8.7) 21 (91.3)    
>=1 6 (5.4) 105 (94.6) 0.5 0.2, 1.6 0.246 Number of 
posts 0 b 10 (9.5)  95 (90.5)    
Off axis 2 (33.3) 4 (66.7) 7.0 1.2, 41.6 c 0.059  Post 
orientation On axis b 14 (6.7) 196 (93.3)    
Yes 10 (8.2) 112 (91.8) 1.3 0.5, 3.7 0.612 Crown 
No b 6 (6.4) 88 (93.6)    
Premolar 6 (7.3) 76 (92.7) 1.1 0.4, 3.6 0.852 
Molar 4 (9.3) 39 (90.7) 1.5 0.4, 5.4 0.584 
Tooth type 
Anterior b 6 (6.6)  85 (93.4)    
>$25,000 6 (9.7) 56 (90.3) 1.7 0.6, 4.9 0.369 
$25,000 or less b 9 (6.1) 139 (93.9)    
Income level 
Missing 1 (16.7) 5 (83.3)    
College graduate 5 (7.5) 62 (92.5) 0.7 0.2, 2.5 0.612 
Some college 5 (5.6) 84 (94.4) 0.5 0.2, 1.8 0.321 
Education 
High school or 
lessb 
6 (10.0) 54 (90.0)    
Current smoker 6 (6.6) 85 (93.4) 0.5 0.2, 1.4 0.158 
Former smoker 2 (3.0) 64 (97.0) 0.2 0.0, 1.0 c 0.026 
Smoking 
Never smoker b 8 (13.6) 51 (86.4)    
Hypertension Yes 3 (11.1) 24 (88.9) 1.7 0.5, 6.4 0.457 
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 No b 13 (6.9) 176 (93.1)    
1985+ 8 (8.2) 90 (91.8) 1.2 0.4, 3.4 0.700 Year of RCT 
(categorized) <1985 b 8 (6.8) 110 (93.2)    
65+ years 8 (9.8) 74 (90.2) 1.6 0.4, 6.2 0.534 
55-<65 years 5 (5.7) 83 (94.3) 0.9 0.2, 3.8 0.846 
Age at access 
(categorized) 
<55 years b 3 (6.5) 43 (93.5)    
25+ kg/m2 13 (8.9) 133 (91.1) 2.2 0.6, 7.9 0.205 Body mass 
index 
(categorized) 
13-<25 kg/m2 b 3 (4.3) 67 (95.7)    
 
a Reference group 
b Teeth had RCT with “FlushOnly” extension and “Ideal” density 
c Statistically significant at 0.10 level   
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Table 10. Preliminary Assessment of Confounders (II): Bivariate Associations between Covariates and RCT Quality 
among All the Teeth (N=609 teeth) 
 
Variable Level Extension 
  
Density 
  UnderO
nly 
RR 
(CI) 
P-
valu
e 
Over
Any 
RR (CI) P-
value 
FlushOn
ly 
Accepta
ble 
RR (CI) P-
valu
e 
Defect
ive 
RR (CI) P-
valu
e 
Ideal 
Yes 9 (11.4) 0.8 
(0.4, 
1.6) 
0.47 19 
(24.0) 
1.3 (0.8, 
2.3) 
0.35 51 (64.6) 17 (21.5) 0.8 (0.4, 
1.4) 
0.40 26 
(32.9) 
1.5 (0.9, 
2.5) 
0.14 36 
(45.6) 
Pre-
operative 
AP 
No a 76 (14.3)   103 
(19.5) 
  351 
(66.2) 
137 
(25.8) 
  132 
(24.9) 
  261 
(49.3) 
Gutta 
percha 
only 
78 (14.0) 1.1 
(0.5, 
2.5) 
0.87 106 
(19.1) 
0.5 (0.3, 
1.0) 
0.07 372 
(66.9) 
145 
(26.1) 
1.7 (0.8, 
3.6) 
0.13 151 
(27.1) 
2.5 (1.1, 
5.6) 
0.02 
b 
260 
(46.8) 
Type of 
filling 
material  
Silver
point 
or both 
a 
7(13.2)   16 
(30.2) 
  30 (56.6) 9 (17.0)   7 
(13.2) 
  37 
(69.8) 
>=1 43 (13.5) 0.9 
(0.6, 
1.5) 
0.75 68 
(21.4) 
1.2 (0.8, 
1.8) 
0.38 207 
(65.1) 
80 (25.1) 1.0 (0.7, 
1.4) 
0.94 88 
(27.7) 
1.2 (0.8, 
1.7) 
0.31 150 
(47.2) 
Number 
of posts  
0 a 42 (14.4)   54 
(18.6) 
  195 
(67.0) 
74 (25.4)   70 
(24.1) 
  147 
(50.5) 
Off 
axis  
1 (5.8) 0.4 
(0.1, 
2.9) 
0.28 8 
(47.1) 
3.7 (1.4, 
9.9) 
0.01 b 8 (47.1) 4 (23.5) 0.9  (0.3, 
2.8) 
0.86 3 
(17.7) 
0.6 (0.2, 
2.1) 
0.41 10 
(58.8) 
Post 
orientati
on 
On 
axis  a 
84 (14.2)   114 
(19.3) 
  394 
(66.5) 
150 
(25.3) 
  155 
(26.2) 
  287 
(48.5) 
Crown Yes 49 (14.3) 1.1 
(0.7, 
1.7) 
0.82 72 
(20.9) 
1.1 (0.8, 
1.7) 
0.53 223 
(64.8) 
78 (22.7) 0.7 (0.5, 
1.1) 
0.09 100 
(29.1) 
1.5 (1.0, 
2.1) 
0.04 
b 
166 
(48.2) 
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 No a 36 (13.6)   50 
(18.9) 
  179 
(67.5) 
76 (28.7)   58 
(21.9) 
  131 
(49.4) 
Premo
lar 
31 (14.6) 2.2 
(1.2, 
4.3) 
0.01 
b 
29 
(13.6) 
0.5 (0.3, 
0.9) 
0.01 b 153 
(71.8) 
48 (22.6) 0.8  (0.5, 
1.3) 
0.41 61 
(28.6) 
1.9 (1.2, 
3.0) 
<0.0
1 b 
104 
(48.8) 
Molar 39 (21.2) 3.5 
(1.9, 
6.7) 
<0.0
001 
b 
44 
(23.9) 
1.1 (0.7, 
1.7) 
0.85 101 
(54.9) 
51 (27.7) 1.1 (0.7, 
1.7) 
0.69 60 
(32.6) 
2.3 (1.4, 
3.7) 
<0.0
01 b 
73 
(39.7) 
Tooth 
type 
Anteri
or a 
15 (7.1)   49 
(23.1) 
  148 
(69.8) 
55 (25.9)   37 
(17.5) 
  120 
(56.6) 
>$25,0
00 
33 (16.5) 1.3 
(0.8, 
2.1) 
0.27 32 
(16.0) 
0.7 (0.4, 
1.1) 
0.10 135 
(67.5) 
64 (32.0) 1.7 (1.2, 
2.5)  
<0.0
1 b 
51 
(25.5) 
0.9 (0.6, 
1.4) 
0.70 85 
(42.5) 
$25,00
0 or 
less a 
52 (13.1)   86 
(21.7) 
  259 
(65.2) 
87 (21.9)   107 
(27.0) 
  203 
(51.1) 
Income 
Missin
g 
0 (0.0)   4 
(33.3) 
  8 (66.7) 3 (25.0)   0 (0.0)   9 
(75.0) 
Gradu
ate 
21 (11.0) 0.7 
(0.4, 
1.3) 
0.25 48 
(25.1) 
1.6 (1.0, 
2.7) 
0.08 122 
(63.9) 
44 (23.0) 1.0 (0.6, 
1.6) 
0.92 52 
(27.2) 
1.0 (0.6, 
1.6) 
0.92 95 
(49.8) 
Some 
colleg
e 
39 (15.5) 1.0 
(0.6, 
1.8) 
0.91 45 
(17.8) 
1.0 (0.6, 
1.7) 
0.92 168 
(66.7) 
71 (28.2) 1.3 (0.8, 
2.0) 
0.29 60 
(23.8) 
0.8 (0.5, 
1.3) 
0.37 121 
(48.0) 
Educatio
n 
High 
school 
or less 
a 
25 (15.0)   29 
(17.5) 
  112 
(67.5) 
39 (23.5)   46 
(27.7) 
  81 
(48.8) 
Curren
t 
smoke
r 
26 (11.3) 0.8 
(0.4, 
1.4) 
0.39 43 
(18.6) 
0.8 (0.5, 
1.3) 
0.32 162 
(70.1) 
64 (27.7) 1.2 (0.8, 
1.9)  
0.36 51 
(22.1) 
0.7 (0.5, 
1.2) 
0.19 116 
(50.2) 
Smoking 
Forme
r 
smoke
r 
34 (16.9) 1.2 
(0.7, 
2.2) 
0.45 39 
(19.4) 
0.8 (0.5, 
1.4)  
0.45 128 
(63.7) 
48 (23.9) 1.0 (0.6, 
1.6) 
0.97 58 
(28.8) 
1.1 (0.7, 
1.7) 
0.80 95 
(47.3) 
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 Never 
smoke
ra 
25 (14.1)   40 
(22.6) 
  112 
(63.3) 
42 (23.7)   49 
(27.7) 
  86 
(48.6) 
Yes 11 (13.9) 1.0 
(0.5, 
2.0) 
0.99 17 
(21.5) 
1.1 (0.6, 
2.0) 
0.73 51 (64.6) 21 (26.6) 1.1  (0.6, 
1.9) 
0.78 23 
(29.1) 
1.2 (0.7, 
2.0) 
0.50 35 
(44.3) 
Hyperten
sion 
No a 74 (14.0)   105 
(19.8) 
  351 
(66.2) 
133 
(25.1) 
  135 
(25.5) 
  262 
(49.4) 
1985+ 34 (12.6) 0.8(0.5
,1.3) 
0.38 47 
(17.4) 
0.7(0.5,1
.1) 
0.15 189 
(70.0) 
76 (28.1) 1.3(0.9,1
.9) 
0.15 65 
(24.1) 
0.8(0.6,1
.2) 
0.35 129 
(47.8) 
Year of 
RCT 
<1985 
a 
51 (15.0)   75 
(22.1) 
  213 
(62.8) 
78 (23.0)   93 
(27.4) 
  168 
(49.6) 
65+ 
yrs 
22(10.3) 0.5 
(0.3, 
0.9) 
0.02 
b 
34(16.
0) 
0.6 (0.4, 
1.0) 
0.04 b 157(73.7
) 
53(24.9) 0.9 (0.6, 
1.5) 
0.73 60(28.
2) 
1.1 (0.7, 
1.8) 
0.62 100(47
.0) 
55-
<65 
yrs 
34(13.9) 0.7 
(0.4, 
1.2) 
0.16 51(20.
8) 
0.8 
(0.5,1.3) 
0.39 160(65.3
) 
61(24.9) 0.9(0.6, 
1.5) 
0.72 59(24.
1) 
0.9 (0.6, 
1.5) 
0.70 125(51
.0) 
Age at 
access 
<55 
yrsa 
29 (19.2)   37 
(24.5) 
  85 (56.3) 40(26.5)   39(25.
8) 
  72(47.
7) 
25+kg/
m2 
51(13.8) 1.0 
(0.6, 
1.5) 
0.89 70(19.
0) 
0.8 
(0.6,1.3) 
0.40 248(67.2
) 
86(23.3) 0.8 
(0.5,1.1) 
0.19 88(23.
9) 
0.8 
(0.5,1.1) 
0.14 195(52
.9) 
13-
<25kg/
m2 a 
34(14.2)   52(21.
8) 
  153(64.0
) 
67(28.0)   70(29.
3) 
  102(42
.7) 
Body 
mass 
index 
Missin
g 
0   0   1 (100.0) 1 (100.0)   0   0 
 
a Reference group 
b Statistically significant at 0.05 level 
 
  
112 
Table 11. Multivariate Model Selection for Study One 
  
 Model 1 Model 2 Model 3  
(Final Model) 
Model 4 Model 5 
Sample size (teeth) 597 597 609 609 609 
Main exposures a Included  Included Included Included Included 
Pre-operative AP Included Included Included Included Included 
Interaction b Included Included Included Included Included 
Potential 
Confounders 
Type of filling 
material  
Post orientation 
Crown 
Tooth type 
Age at access 
Income level 
Smoking 
history 
Type of filling 
material  
Post orientation 
Age at access 
Income level 
Smoking history 
Smoking history Smoking history 
Number of posts 
Smoking history  
Year of RCT 
Decision Remove crown, 
tooth type 
Remove type of 
filling material, 
post orientation, 
age at access, 
income level  
Keep smoking 
history 
Remove number 
of posts 
Remove Year of 
RCT 
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Table 11. (Cont’d). Multivariate Model Selection for Study One 
  
 Model 6 Model 7 Model 8 
Sample size (teeth) 609 609 608 
Main exposures a Included  Included Included 
Pre-operative AP Included Included Included 
Interaction b Included Included Included 
Potential 
Confounders 
Smoking History 
Education 
Smoking History 
Hypertension 
Smoking History 
Body mass index 
Decision Remove education Remove hypertension Remove body mass 
index 
 
a Main exposures: extension (UnderOnly, OverAny), density (Acceptable, Defective) 
b Interaction: defective density*pre-operative AP 
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Table 12. Final Multivariate Model with Smoking Variables  
 
Independent Variable Level P-value Relative Risk (95% CI) 
UnderOnly 0.166 1.8 (0.9, 3.6) 
OverAny 0.071 2.0 (1.0, 4.0) 
Extension 
FlushOnly b   
Acceptable 0.277 1.5 (0.7, 3.3) 
Defective 0.029 a 3.0 (1.2, 7.2) 
Density 
Ideal b   
Yes <0.0001 a 29.7 (13.7, 64.3) Pre-operative AP 
No b   
Defective density and pre-
operative AP=yes 
0.138 33.9 (12.0, 95.7) Defective 
density*pre-operative 
AP Ideal density and Pre-operative 
AP=no b 
  
Current smokers 0.308 0.7 (0.4, 1.4) 
Ex-smokers 0.097 0.6 (0.3, 1.1) 
Smoking 
Never smokers b   
  
a Significant at 0.05 level 
b Reference group 
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Table 13. Comparisons of Validity and Precision of Estimates for Main Exposures (Study One)  
 
Extension Density 
UnderOnly OverAny Acceptable Defective Model 
RR CI (width) RR CI (width) RR CI (width) RR CI (width) 
Model 3 
with 
smoking 
1.76 0.85, 3.64 
(4.28) 
2.00 1.00, 4.02 
(4.02) 
1.54 0.72, 3.27 
(4.54) 
2.97 1.24, 7.15 
(5.77) 
Model 3 
without 
smoking 
1.66 0.82, 3.38 (4.12) 1.95 
0.97, 3.90 
(4.02) 1.51 
0.71, 3.22 
(4.54) 2.98 
1.26, 7.07 
(5.61) 
Model 1 a 1.88 0.87, 4.06 (4.67) 2.06  
1.02, 4.13 
(4.05) 1.61 
0.74, 3.50 
(4.73) 3.21 
1.30, 7.97 
(6.13) 
 
a Fullest model with adjustment for all potential confounders 
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Table 14. Final Multivariate Model without Smoking Variables (Final chosen model) 
 
Independent Variable Level P-value Relative Risk (95% CI) 
UnderOnly 0.199 1.7 (0.8, 3.4) 
OverAny 0.082 2.0 (1.0, 3.9) 
Extension 
FlushOnly b   
Acceptable 0.290 1.5 (0.7, 3.2) 
Defective 0.028 a 3.0 (1.3, 7.1) 
Density 
Ideal b   
Yes <0.0001 a 29.2 (13.6, 63.0) Pre-operative AP 
No b   
Defective density and 
pre-operative AP=yes 
<0.0001 a  33.2 (12.0, 92.0) Defective density*pre-
operative AP 
Ideal density and Pre-
operative AP=no b 
  
 
a Significant at 0.05 level 
b Reference group 
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Table 15. Assessment of Interaction between Defective Density and Pre -operative AP in Final Model for Study One 
 
Pre-operative AP Relative Risk of post-operative AP (95% CI) 
Yes No 
Defective 33.2 (12.0, 92.0) a 3.0 (1.3, 7.1) Density Ideal  29.2 (13.6, 63.0) 1.0 b 
 
a On additive scale, predicted RR=29.2 + 3.0 – 1.0 = 31.2 < observed 33.2 
   Therefore, the observed effect of joint exposure (i.e., defective density and pre-operative AP) was only slightly greater than 
the predicted RR on the additive scale, i.e., the pattern of the joint effect of pre-operative AP and defective density is 
approximately additive. 
b Reference group 
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Table 16. Stratified Analysis for Teeth without Pre-operative AP (N=530 teeth) 
 
Independent Variable Level P-value Relative Risk (95% CI) 
UnderOnly 0.460 1.5 (0.6, 3.7) 
OverAny 0.197 2.0 (0.8, 5.1)  
Extension 
FlushOnly b   
Acceptable 0.467 1.5 (0.5, 4.6) 
Defective  0.022 a 3.2 (1.3, 8.2) 
Density 
Ideal b   
>$ 25,000 0.798 0.9 (0.4, 2.0) Income level 
$25,000 or less b   
 
a Statistically significant at 0.05 level 
b Reference group
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Table 17. Variables Used in Study Two 
 
Variable 
type Variable Category Source 
Outcome 
 
Time to Tooth Loss A pair of variables 
(observed time to 
event or censoring) 
RCT Status  Yes, no Endodontic 
Involvement a AP Status  4+mm, 1-3mm, 0mm 
Extension Flush, under, over 
Density Ideal, acceptable, defective 
Type of Filling 
Material  
 
Gutta-percha, 
silverpoint, or both 
Number of posts >=1, 0 
RCT-specific 
Variables a 
Year of RCT >=1980, <1980 
Radiographic 
examination 
Crown Yes, no 
Tooth Type Anterior, premolar, 
molar 
Radiographic 
examination 
Number of 
Proximal Contacts b 
0, 1, 2 Derivable 
from available 
data 
Coronal Caries b Yes, no 
Tooth-level 
Predictors 
 
Periodontal Status b Alveolar bone loss, 
gingival bleeding, 
mobility, plaque 
score, probing pocket 
depth  
Collection 
form 
 
Number of Teeth at 
Baseline b 
Numeric variable Derivable 
from available 
data 
Demographic 
Factors 
Age, income, 
education, race 
Systemic 
Conditions 
Smoking, diabetes, 
hypertension, BMI 
VADLS data 
Potential 
Predictor
s 
Person-level 
Predictors 
Oral Hygiene 
Behaviors b 
Frequency of 
brushing, use of 
flossing, use of dental 
care (gum treatment, 
cleanings) 
Questionnaire 
 
a Time-dependent covariates 
b Only included in Study Two but not in Study One 
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Table 18. Incidence of Tooth Loss at Each Cycle during Follow-up (Total sample size 
N=18,798 teeth) 
 
Through 
cycle 
Number of 
teeth lost in 
interval 
Number of 
teeth 
censored 
Number of 
teeth present 
at beginning 
of interval  
Number of 
persons 
present at 
beginning of 
interval  
1-2 468 1580 18798 791 
2-3 418 1024 16750 709  
3-4 406 1299 15308 658 
4-5 286 973 13603 589 
5-6 257 1591 12344 541 
6-7 328 1567 10496 468 
7-8 198 1207 8601 390 
8-9 117 2417 7196 327 
9-10 106 3969 4662 208 
>=10 5 582 587 26 
Total 2589 16209   
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Table 19. Univariate Distribution of Outcome and Fixed Prognostic Variables at 
Baseline (N= 18,798 teeth)  
 
Variable Level Frequency Percent (%) 
Outcome 
Yes 2589 13.8 Tooth loss 
No 16209 86.2 
Tooth-level variables 
Yes 759 4.0 Crown  
No a  18039 96.0 
Molar 5070 27.0 
Premolar 5053 26.9 
Tooth Type 
Anterior a 8675 46.2 
2 13061 69.5 
1 4798 25.5 
Number of 
proximal 
contacts 0 a 939 5.0 
Yes 3547 18.9 
No a 14271 75.9 
Coronal caries 
Missing 980 5.2 
Periodontal status (Tooth-level) 
>= 20% 2203 11.7 
< 20% 6454 34.3 
None a 9827 52.3 
Alveolar bone 
loss 
Missing 314 1.7 
Yes 11572 61.6 
No a 7032 37.4 
Gingival 
bleeding on any 
surface Missing 194 1.0 
Yes 1994 10.6 
No a 16610 88.4 
Mobility  
Missing 194 1.0 
All surfaces with 2/3 of tooth 2350 12.5 
Interproximal with continuation on 
buccal or lingual surface 
8008 42.6 
Interproximal only 5811 30.9 
None a 2435 13.0 
Plaque score 
Missing 194 1.0 
> 3mm 3008 16.0 
<= 3mm a 15596 83.0 
Probing pocket 
depth  
Missing 194 1.0 
 
Person-level variables 
Number of teeth 
at baseline 
Continuous 
Range 2-32 
Mean 25 Median 26 
18798 100.0 
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Demographic factors (person-level) 
Age at baseline Continuous  
Range 28-84 years 
Mean 47.7 years 
Median 47.5 years 
18798 
 
100.0 
> $25,000 6716 35.7 
<= $25,000 a 11738 62.4 
Income level 
Missing 344 1.8 
High school or less 5577 29.7 
Some college 6961 37.0 
Education 
College graduate a 6260 33.3 
Black 441 2.4 Race 
White a 18357 97.7 
Systemic conditions (person-level) 
Current smoker 7822 41.6 
Former smoker 5945 31.6 
Smoking 
Never smoker a 5031 26.8 
Diabetes Yes 562 3.0 
 No a 18236 97.0 
Hypertension Yes 2779 14.8 
 No a 16019 85.2 
Body mass 
index 
Continuous 
Missing 
Range 17.3-39.3 kg/m2 
Mean 26.0 kg/m2 
Median 25.7 kg/m2 
18770 
28 
99.9 
0.2 
Oral hygiene behaviors (person-level) 
Twice a day or more 8049 42.8 Frequency of 
brushing Never or once a day a 10701 56.9 
 Missing 48 0.3 
Yes 6923 36.8 
No a 11850 63.0 
Use floss 
Missing 25 0.1 
Yes 1624 8.6 
No a 17149 91.2 
Any gum 
treatment 
Missing 25 0.1 
Yes 15891 84.5 
No a 2882 15.3 
Any cleanings 
Missing 25 0.1 
Categorized continuous variables 
<=17 890 4.7 
18-25 7423 39.5 
Number of teeth 
at baseline 
26-32 a 10485 55.8 
65 + years 537 2.9 Age at baseline 
55 -< 65 years 3170 16.9 
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 < 55 years a 15091 80.3 
30 + kg/m2 1692 9.0 
25 -< 30 kg/m2 10137 53.9 
< 25 kg/m2 a 6941 36.9 
Body mass 
index 
Missing 28 0.2 
 
 a Reference group 
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Table 20. Cross-tabulation of Endodontic Involvement at Baseline (N=18,798 teeth) 
 
RCT status  Total Frequency (percent) 
Yes No a  
4 + mm 21 (0.1) 52 (0.3) 73 (0.4) 
1-3 mm 32 (0.2) 32 (0.2) 64 (0.3) AP status  
0 mm a 240 (1.3) 18421 (98.0) 18661 (99.3) 
Total  293 (1.6) 18505 (98.4) 18798 (100.0) 
 
a Reference group 
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Table 21. Univariate Distribution of RCT-specific Variables among Endodontically 
Treated Teeth   
 
Variable Level Frequency Percent (%) 
Among teeth that had ever received RCT (n=1107 teeth) 
>=1 505 45.6 
0 a 593 53.6 
Number of posts 
Missing 9 0.8 
< 1980 546 49.3 Year of RCT 
>= 1980 a 561 50.7 
Incomplete 55  5.0 
Complete a 1043  94.2 
Completion of 
treatment 
Missing 9  0.8 
Among teeth that received complete RCT (n=1043 teeth) 
UnderOnly 187 17.9 
OverAny 179 17.2 
FlushOnly a 666 63.9 
Extension 
Missing 11 1.1 
Acceptable 265 25.4 
Defective 271 26.0 
Ideal a 499 47.8 
Density 
Missing 8 0.8 
Silverpoint or both 141 13.5 Type of filling 
material Gutta-percha a 902 86.5 
   
a Reference group 
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Table 22. Bivariate Associations between Fixed Prognostic Factors at Baseline and 
Tooth Loss (N=18,798 teeth) 
 
Variable Level Number of 
teeth lost 
(%) 
Number of 
teeth 
censored 
(%) 
Log-
rank P-
value b 
Cox 
model 
P-value 
c 
Hazard 
ratio c 
Tooth-level variables 
Yes 206 (27.1) 553 (72.9) <0.0001 <0.0001 1.93 Crown  
No a  2383 (13.2) 15656 (86.8)    
Molar 1181 (23.3) 3889 (76.7) <0.0001 <0.0001 2.64 
Premolar 590 (11.7) 4463 (88.3)  0.0001 1.25 
Tooth 
Type 
Anterior a 818 (9.4) 7857 (90.6)    
0  316 (33.7) 623 (66.4) <0.0001 <0.0001 4.70 
1 1075 (22.4) 3723 (77.6)  <0.0001 2.70 
Number 
of 
proximal 
contacts 
2 a 1198 (9.2) 11863 (90.8)    
Yes 856 (24.1) 2691 (75.9) <0.0001 <0.0001 2.60 
No a 1470 (10.3) 12801 (89.7)    
Coronal 
caries 
Missing 263 (26.8) 717 (73.2)    
Periodontal status (tooth-level) 
>= 20% 900 (40.9) 1303 (59.1) <0.0001 <0.0001 3.44 
< 20% 1057 (16.4) 5397 (83.6)    
None a 508 (5.2) 9319 (94.8)    
Alveolar 
bone loss 
Missing 124 (39.5) 190 (60.5)    
Yes 2109 (18.2) 9463 (81.8) <0.0001 <0.0001 3.38 
No a 428 (6.1) 6604 (93.9)    
Gingival 
bleeding 
on any 
surface 
Missing 52 (26.8) 142 (73.2)    
Yes 741 (37.2) 1253 (62.8) <0.0001 <0.0001 4.47 
No a 1796 (10.8) 14814 (89.2)    
Mobility  
Missing 52 (26.8) 142 (73.2)    
All surfaces 
with 2/3 of 
tooth 
460 (19.6) 1890 (80.4) <0.0001 <0.001 1.44 
Interproximal 
with 
continuation 
on buccal or 
lingual 
surface 
1062 (13.3) 6946 (86.7)  0.254 d 0.90 
Interproximal 
only 
662 (11.4) 5149 (88.6)  0.005 0.77 
None a 353 (14.5) 2082 (85.5)    
Plaque 
score 
Missing 52 (26.8) 142 (73.2)    
 127 
> 3mm 946 (31.5) 2062 (68.5) <0.0001 <0.0001 3.73 
<= 3mm a 1591 (10.2) 14005 (89.8)    
Probing 
pocket 
depth  Missing 52 (26.8) 142 (73.2)    
 
Person-level variables 
<=17 252 (28.3) 638 (71.7) <0.0001 <0.0001 5.09 
18-25 1475 (19.9) 5948 (80.1)  <0.0001 2.78 
Number 
of teeth at 
baseline 26-32 a 862 (8.2) 9623 (91.8)    
Demographic factors (person-level) 
65 +  68 (12.7) 469 (87.3) <0.0001 0.046 1.82 
55 -< 65 525 (16.6) 2645 (83.4)  <0.001 1.59 
Age at 
baseline 
(years) < 55 a 1996 (13.2) 13095 (86.8)    
> $25,000 1069 (15.9) 5647 (84.1) <0.0001 0.018 1.31 
<= $25,000 a 1459 (12.4) 10279 (87.6)    
Income 
level 
Missing 61 (17.7) 283 (82.3)    
High school 
or less 
1021 (18.3) 4556 (81.7) <0.0001 <0.0001 2.34 
Some college 1005 (14.4) 5956 (85.6)  <0.001 1.66 
Education 
College 
graduate a 
563 (9.0) 5697 (91.0)    
Black 78 (17.7) 363 (82.3) 0.011 0.365 d 1.34 Race 
White a 2511 (13.7) 15846 (86.3)    
Systemic conditions (person-level) 
Current 
smoker 
1290 (16.5) 6532 (83.5) <0.0001 <0.001 1.66 
Former 
smoker 
736 (12.4) 5209 (87.6)  0.415 d 1.13 
Smoking 
Never smoker 
a 
563 (11.2) 4468 (88.8)    
Yes 75 (13.4) 487 (86.6) 0.526 0.815 d 1.08 Diabetes 
No a 2514 (13.8) 15722 (86.2)    
Hypertens
ion 
Yes 338 (12.2) 2441 (87.8) 0.056 0.474 d 0.90 
 No a 2251 (14.1) 13768 (85.9)    
30 +  274 (16.2) 1418 (83.8) <0.0001 0.048 1.44 
25 -< 30  1473 (14.5) 8664 (85.5)  0.241 d 1.16 
< 25 a 835 (12.0) 6106 (88.0)    
Body 
mass 
index 
(kg/m2) Missing 7 (25.0) 21 (75.0)    
Oral hygiene behaviors (person-level)  
Twice a day 
or more 
1076 (13.4) 6973 (86.6) 0.122 0.576 d 0.94 
Never or once 
a day a 
1491 (13.9) 9210 (86.1)    
Frequency 
of 
brushing 
Missing 22 (45.8) 26 (54.2)    
Use floss Yes 765 (11.1) 6158 (88.9) <0.0001 <0.001 0.67 
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No a 1821 (15.4) 10029 (84.6)     
Missing 3 (12.0) 22 (88.0)    
Yes 226 (13.9) 1398 (86.1) 0.522 0.796 d 0.96 
No a 2360 (13.8) 14789 (86.2)    
Any gum 
treatment 
Missing 3 (12.0) 22 (88.0)    
Yes 2046 (12.9) 13845 (87.1) <0.0001 <0.001 0.63 
No a 540 (18.7) 2342 (81.3)    
Any 
cleanings 
Missing 3 (12.0) 22 (88.0)    
 
a Reference group 
b Test of equality over strata. Because it does not adjust for correlation, it will not be shown 
in the following tables. 
c Cox model contains one prognostic variable only 
d Not statistically significant at 0.05 level 
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Table 23. Bivariate Associations between Endodontic Involvement and Tooth Loss 
(N=18,798 teeth) 
 
 
Variable Level Number of 
teeth lost 
(%) 
Number of 
teeth 
censored (%) 
P-value 
b 
Hazard 
ratio b 
Model contains RCT status only 
Yes 112 (38.2) 181 (61.8) <0.0001 3.75 RCT status 
No a  2477 (13.4) 16028 (86.6)   
Model contains AP status only 
4 + mm 48 (65.8) 25 (34.3) <0.0001 15.21 
1-3 mm  36 (56.3) 28 (43.7) <0.0001 10.47 
AP status 
0 mm a 2505 (13.4) 16156 (86.6)   
Model contains both RCT and AP status  
Yes 112 (38.2) 181 (61.8) <0.0001 1.84 RCT status 
No a 2477 (13.4) 16028 (86.6)   
4 + mm 48 (65.8) 25 (34.3) <0.0001 11.95 
1-3 mm 36 (56.3) 28 (43.7) <0.0001 7.18 
AP status 
0 mm a 2505 (13.4) 16156 (86.6)   
 
a Reference group 
b From Cox-type regression model 
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Table 24. Bivariate Associations between RCT-specific Variables and Tooth Loss 
among Endodontically Treated Teeth  
 
Variable Level Number of 
teeth lost 
(%) 
Number of 
teeth 
censored (%) 
P-value b Hazard 
ratio b 
Among teeth that had ever received RCT (n=1107 teeth) 
>=1 116 (23.0) 389 (77.0) 0.814 1.03 
0 a 165 (27.8) 428 (72.2)   
Number of 
posts 
 
 
Missing 5 (55.6) 4 (44.4)   
< 1980 184 (33.7) 362 (66.3) 0.919 0.98 Year of RCT 
>= 1980 a 102 (18.2) 459 (81.8)   
Incomplete 26 (47.3) 29 (52.7) 0.007 c 2.03 
Complete a 255 (24.5) 788 (75.5)   
Completion 
of treatment 
Missing 5 (55.6) 4 (44.4)   
Among teeth that received complete RCT (n=1043 teeth) 
UnderOnly 58 (31.0) 129 (69.0) 0.185 1.25 
OverAny 50 (27.9) 129 (72.1) 0.104 1.33 
FlushOnly a 141 (21.2) 525 (78.8)   
Extension 
 
 
Missing 6 (54.5) 5 (45.5)   
Acceptable 59 (22.3) 206 (77.7) 0.632 0.92 
Defective 74 (27.3) 197 (72.7) 0.354 1.15 
Ideal a 117 (23.5) 382 (76.5)   
Density 
Missing 5 (62.5) 3 (37.5)   
Silverpoint or 
both 
49 (34.8) 92 (65.2) 0.263 1.24 Type of 
filling 
material  Gutta-percha a 206 (22.8) 696 (77.2)   
 
 
a Reference group 
b Cox model contains one prognostic variable only 
c Statistically significant at 0.05 level 
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Table 25. Final Multivariate Model for Study Two 
 
Independent 
Variable 
Level P-value Hazard ratio 
(95% CI) 
Endodontic involvement (TDC) 
Yes 0.005 1.39 (1.10, 1.74) RCT status 
No a   
4 + mm <0.0001 6.95 (5.44, 8.88) 
1- 3 m <0.0001 4.11 (2.80, 6.03) 
AP status 
0 mm a   
Tooth-level predictors (fixed variables) 
Molar <0.0001 1.65 (1.35, 2.01) 
Premolar 0.109 1.15 (0.97, 1.36) 
Tooth type 
Anterior a   
0 0.029 1.26 (1.02, 1.55) 
1 0.026 1.18 (1.02, 1.35) 
Number of 
proximal 
contacts 2 a   
Yes <0.0001 1.62 (1.41, 1.85)  Coronal caries 
No a   
>= 20% <0.0001 2.07 (1.85, 2.31) 
< 20%   
Alveolar bone 
loss 
None a   
Yes <0.0001 1.87 (1.57, 2.22) Gingival 
bleeding on any 
surface 
No a   
Yes <0.0001 1.64 (1.39, 1.93) Mobility  
No a   
All surfaces with 2/3 of 
tooth 
0.886 1.02 (0.80, 1.30) 
Interproximal with 
continuation on buccal or 
lingual surface 
0.006 0.74 (0.59, 0.91) 
Interproximal only 0.052 0.81 (0.66, 1.00) 
Plaque score 
None a   
> 3mm <0.0001 1.37 (1.19, 1.58) Probing pocket 
depth  <= 3mm a   
Person-level predictors (fixed variables) 
Number of teeth 
at baseline b 
Continuous <0.0001 0.94 (0.92, 0.96) 
Age  Continuous 0.017 1.02 (1.00, 1.03) 
High school or less <0.0001 1.75 (1.35, 2.27) 
Some college 0.010 1.37 (1.08, 1.74) 
Education 
College graduate a   
Current smoker 0.010 1.42 (1.09, 1.86) Smoking 
Former smoker 0.757 0.96 (0.72, 1.27) 
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 Never smoker a   
  
a Reference group 
b Centered continuous variable  = original variable – 25 (sample mean) 
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Table 26. Differences in Study Design between Study One and Study Two 
 
 Study One Study Two 
Main research 
question 
RCT quality and post-
operative AP 
Factors associated with tooth 
loss 
Observations 
included in the 
analysis 
Teeth that received RCT at 
some time after baseline 
All the teeth present at 
baseline  
Main exposure 
variables 
Extension and density of root 
filling material 
None 
Outcome Prevalence of post-operative 
AP  
Time to tooth loss 
Start of follow-up The cycle when RCT was 
first detected from 
radiographs 
The baseline cycle (the year 
when the tooth entered the 
study) 
End of follow-up The very next cycle (around 
3 years later) 
Tooth loss or the end of the 
study, whichever came first 
Type of model Explanatory Predictive 
Statistical method Generalized linear model Marginal proportional hazards 
model (i.e., Cox-type 
regression model for 
correlated survival data) 
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Figure 1.   Radiographic Evidence of Root Canal Therapy (RCT) and Apical 
Periodontitis (AP) 
AP 
RCT 
AP 
RCT 
Normal 
canal 
Normal 
periapex 
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Figure 2.   Root Canal Therapy and Subsequent Coronal Restoration 
 
AP at the time of treatment 
RCT done but not crowned  
Crowned after RCT 
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Figure 3.   Radiographic Evidence of Extension and Density 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Flushfill 
Overfill (Over-extended) 
Underfill (Under-extended) 
(1) Extension 
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Ideal density 
Defective density 
(2) Density 
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Figure 4.   Survival Curves of 18798 Teeth in Study Two  
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Figure 5.   Survival Curves as a Function of RCT Status  
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Figure 6.   Survival Curves as a Function of RCT Status (after adjusting for AP Status 
and means of other 12 covariates in the final model) 
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(a) Among teeth with AP = 0 
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RCT = No RCT = Yes
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(b) Among teeth with AP = 1-3 mm 
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(c) Among teeth with AP = 4+ mm 
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Figure 7.   Survival Curves as a Function of AP Status  
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Figure 8.   Survival Curves as a Function of AP Status (after adjusting for RCT Status 
and means of other 12 covariates in the final model) 
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(b) Among teeth with RCT = yes 
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APPENDIX I.   Assessment of Proportional Hazard Assumption 
for Categorical Variables 
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Anterior Molar Premolar
Log of Negative Log of SURVIVAL
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(c) Tooth type 
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(d) Number of proximal contacts 
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No Yes
Log of Negative Log of SURVIVAL
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(e) Coronal caries 
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(f) Alveolar bone loss 
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No Yes
Log of Negative Log of SURVIVAL
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(g) Gingival bleeding on any surface 
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(h) Mobility  
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None Interproximal only
Interproximal with continuation on buccal or lingual All surfaces with 2/3 of tooth
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(i) Plaque score 
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(j) Probing pocket depth  
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(l) Smoking history 
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APPENDIX II.   Assessment of Proportional Hazard Assumption 
for Continuous Variables 
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(a) Number of teeth at baseline 
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(b) Age  
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